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Two sympatric species of hake, Merluccius capensis 
which are morphologically Merluccius paradoxus, 




amount of genetic divergence was estimated between these two 
species using electrophoretic analysis of 31 protein 
encoding loci and restriction endonuclease analysis of 
mitochondrial DNA (mtDNA). No hybrid genotypes were 
observed with protein electrophoresis suggesting that no 
interbreeding occurs between the two southern African 
species of hake. Using protein electrophoresis, the genetic 
distance was estimated to be 0.583 (+0.160) between the two 
species. This is typical of evolutionary divergence between 
well differentiated congeneric species. The time of 
divergence, estimated from the genetic distance, was between 
7 and 13 million years. 
Nucleotide sequence variation in mtDNA was determined 
between and within the two species of hake using 11 
restriction endonucleases. The length of the mitochondrial 
genomes was 16.9 and 16.7 kb for M. capensis and M. 
paradoxus, respectively and this was typical for fish. 
Fourteen different composite genotypes were observed for 26 
individuals of M. capensis and for M. paradoxus 6 
composite genotypes were observed in 24 individuals. A 





did not correspond with the geographies of 
InM. capensis insertions of about 400 bp and 
200 bp were detected in the restriction 
fragment patterns of Ava I, Xba I, and Xho I. Mapping of three 
differentXhoI genotypes confirmed these insertions and 
deletions and sequencing parts of the mtDNA indicated that 
these length polymorphisms are most likely situated on or 
close to the D-loop region of the mtDNA. 
Cloning parts of the mtDNA from M. capens is and M. paradoxus 
facilitated estimation of sequence divergence between the 
two southern African hakes and M. austral is, from New 
Zealand. 
digest the 
The same 11 restriction endonucleases were used to 
mtDNA of the New Zealand hake and the cloned 
mtDNA from M. capens is and M. paradoxus was used as a probe 
to detect the fragment patterns of M. austral is mtDNA. This 
revealed that the salmon sperm present in prehybridisation 
solutions interfered with the hybridisation of a mtDNA 
probe. The length of the mtDNA of M. austral is was 16.9 kb. 
Only three composite genotypes were observed for seven 
individuals of M. austral is . 
Merluccius paradoxus andM. austral is showed a low level of 
nucleotide site polymorphism relative toM. capensis. The 
low level of nucleotide polymorphism was reflected in the 
number of composite genotypes and the complexity of the 
parsimono~s trees connecting the composite genotypes with 
each other. These results suggest thatM. paradoxus andM. 
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austral is may have experienced a population bottleneck in 
the past. 
The amount of sequence divergence betweenM. capensis andM. 
paradoxus was 11.6% (+0.036) and is typical for well 
differentiated species. The present sympatric distribution 
of the two species of hake may be the result of repeated 
dispersal of ancestral North Atlantic species of hake to 
southern Africa. 
The amount of sequence divergence between the New Zealand 
hake and M. capens is and M. paradoxus was 17. 9% and 11. 5%, 
respectively. No composite mtDNA genotypes were shared 
between the three species of hake. These results showed 
that all three species are well separated congeneric 
species. The time of divergence could be calculated from 
from the sequence divergence and it was estimated thatM. 
capens is and M. paradoxus diverged 5. 8 million years ago, M. 
austral is and M. capens is separated approximately 7 to 9 
million years ago, and M. australis and M. paradoxus 
diverged 5.7 million years ago. 
hypothesis, based on morphological 
deep water hake M. australis 
This confirmed the 
studies, that the 
and M. par adoxu s 
two 
are 
genetically closely related and may be biogeographically 
related by dispersal of ancestralM. paradoxus from east to 
west in the southern Atlantic. 
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Parts of the cloned mtDNA from bothM. capensis and M. 
paradoxus were sequenced. The 
identified on the mtDNA from M. 
oxidase r (COr), corr, lysine tRNA, 
following genes were 
paradoxus: cytochrome 
ATPaseB, and ATPase6. 
Genes identified on the mitochondrial genome of M. capensis 
were ND1 (component of the respiratory-chain NADH 
dehydrogenase), ND2, isoleucine tRNA, glutamine tRNA, f-
methionine tRNA, tryptophan tRNA, and alanine tRNA. The 
sequences revealed that the hake mitochondrial protein genes 
were similar in conservation, genetic code, overlapping of 
reading frames, and termination of reading frames to the 
equivalent protein genes of other higher eucaryotes. The 
tRNAs also resembled the mitochondrial tRNAs found in 
mammals, amphibians, and insects in sequence and secondary 
structure. The general organization of the hake 
mitochondrial genome resembled the organization of the 
mtDNA, reported for other higher eucaryotes. The hake mtDNA 





1 . 1 INTRODUCTION 
1 . 1 . 1 General 
Various species of hake (order Gadidae, family Merlucciidae, 
genusMer/uccius) are found in the North and South Atlantic 
Oceans, the eastern Pacific Ocean and around New Zealand. 
With the exception of the hake population in the New Zealand 
waters, hake inhabit continental shelf waters (Kabata and 
Ho, 1981; Inada, 1981). Hake are an important resource in 
the world fisheries, and one of the problems associated with 
the industry has been the taxonomy of the species in the 
genusMer/uccius. To date, twelve to fifteen different 
species of hake have been proposed (Inada, 1981). The 
reconstruction of the phylogenetic relationships among these 
species also remain a problem to be resolved. 
One of the traditional methods of distinguishing species has 
been the examination of morphological characters such as 
number of scales in a lateral series, number of vertebrae, 
total number of gill-rakers, and relationship of standard 
length to head length (Inada, 1981). Often these 
morphological characters did not reflect the genetic 
variation between or within species. Several classical 
techniques exist today, which measure the relatedness in DNA 
sequences of 
amino acid 
individuals. Amongst these are comparison of 
sequences, immunological crossreactivity of 
protein electrophoresis, DNA hybridisation, proteins, 
electron microscopy, and restriction endonuclease analysis 
(Upholt, 1977; Monnat and Loeb, 1985). The development of 
electrophoretic analysis of proteins made it possible to 
measure the amount of biochemical variation of protein 
encoding genes (nuclear). The measurement of genetic 
variation using protein electrophoresis, directly reflects 
differences at the DNA level. However, often nucleotide 
changes in the DNA go undetected as the change from one 
amino acid to another does not necessarily change the 
conformation or charge of the resulting protein, and thereby 
its electrophoretic mobility is not effected. Many of the 
nucleotide changes also occur in the third position of the 
codon, and these silent changes will not result in a change 
of an amino acid. This shows that protein electrophoresis 
cannot detect all genetic variations and it does not take 
into account changes which occur in noncoding DNA sequences. 
About 1% of the DNA of an eucaryotic cell is located in the 
mitochondria. The mitochondrial DNA (mtDNA) has become a 
well characterised cytoplasmic gene system, as it is easy to 
purify and characterize. The discovery of restriction 
endonucleases resulted in the development of restriction 
endonuclease analysis of mtDNA. By digesting the mtDNA with 
restriction enzymes, it was possible to directly detect a 
change of one nucleotide. Mapping of restriction sites 
further allowed the detection of rearrangements on the 
mtDNA. 
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Restriction analysis of the mtDNA made it possible to detect 
changes at the DNA level, however, it may not detect 
randomly distributed differences in sequence changes that 
involve as much as 10% of all nucleotide positions in a 
population of DNA molecules (Monnart and Loeb, 1985). 
Nucleotide sequencing techniques, on the other hand, allow 
the detection of all nucleotide changes. The DNA sequence 
of a genetic system will also provide information about the 
overall organization of the genome and it gives insight into 
the nature of the evolutionary changes that the DNA 
undergoes. 
This work was aimed at investigating the taxonomic status 
and the degree of genetic divergence between two nominal 
species of hake occurring along the coasts of southern 
Africa. The phylogenetic relationship between the southern 
African hake and the hake species from New Zealand, M . 
. austral is, was also studied. Four different techniques were 
employed: protein electrophoresis, restriction fragment 
analysis of mtDNA, restriction site analysis of mtDNA, 
hybridisation studies using cloned mtDNA, and sequencing of 
the mtDNA clones. In this chapter, the distribution of 
present-dayMerluccius is discussed, the focus being on the 
two sympatric southern African hake species, Merluccius 
capensis and Merluccius paradoxus. In the second chapter, 
the genetic divergence between the two southern African hake 
species is determined using the distribution of 
electrophoretically-detectable protein variants. 
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Restriction fragment analysis of mtDNA, as a means of 
studying sequence divergence between and within species, is 
reviewed in chapter three; and in the fourth chapter the use 
of restriction-site mapping and cloning of mtDNA is 
discussed. In this chapter the amount of genetic divergence 
is also estimated between the southern African hakes and the 
New Zealand hake, M. austral is, using restriction 
endonuclease analysis of mtDNA. The last chapter presents 
nucleotide sequences of parts of the cloned mtDNA from both 
southern African hake species. 
The methods chosen for this study, measure the amount of 
genetic variation of different parts of the genome, by 
examining the gene products of protein encoding loci on 
nuclear DNA, restriction analysis of mtDNA, and sequencing 
of mtDNA. 
1 . 1 . 2 Evolutlonary Origin of Hake 
The course of dispersal of Merluccius has been investigated 
in order to explain the present day distribution of the 12-
15 species of hake (Szidat, 1955; 1961; Kabata and Ho, 1981; 
Inada, 1981). The earliest records of Merlucciidae date 
back to fossils found in Oligocine and Miocene deposits in 
Europe (Inada 1981; Kabata and Ho, 1981) (Fig. 1.1.1 
Geological time scale). It has been proposed that the 
origin of Gadiformes is in the North Atlantic, and that the 
12 
Figure 1 • 1 • 1 
Geological time scale (from Grant, 1987) 
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Merlucciidae also originated here during the middle 
Oligocene to the lower Miocene (Sventovidov, 1940; 1948; 
Inada, 1981). Szidat (1961), however, concluded from 
parasite studies of the Pacific hake, that the origin of 
Merlucciidae was in the North Pacific. Kabata and Ho 
(1981), and Inada (1981), in their papers, discuss Szidat's 
hypothesis and come to the conclusion that no proof exists 
to support the hypothesis. They, on the other hand, place 
the origin of hake near the southern tip of early Eocene 
Greenland or in the north-eastern Atlantic Ocean (Kabata and 
Ho, 1981; Inada, 1981). Hake must have existed in the early 
Atlantic prior to the break up of Laurasia into America and 
Eurasia, which happened during mid-Tertiary about, 40 
million years ago (Kabata and Ho, 1981). 
1 . 1 . 3 Dispersal of hake along the coasts of 
America 
As America and Eurasia drifted apart, they presumably were 
accompanied by separate hake stocks. Kabata and Ho (1981) 
postulate that the dispersal of hake to other areas must 
have followed the margins 
the routes ran parallel 
of continental shelves and that 
to major currents. The hake then 
proceeded to disperse to the south along the Atlantic Coast 
of northern America. Northward migration was prohibited by 
cold temperatures, 
able to retain 
and each population moving south was not 
contact with populations further north 
13 
(Kabata and Ho, 1981). The southward migration of the hake 
continued, due to the cooling of the seas which occurred 
between the upper Eocene and mid-Oligocene. The hake 
occupied the continental shelf along the Atlantic coast of 
North America and evolved to form the present-dayMerluccius 
bilinearis. Kabata and Ho (1981), and Inada (1981) further 
postulate that hake crossed from the Atlantic into the 
Pacific Ocean through Central America, when the isthmus of 
Panama was submerged (not later than the Pliocene). From 
there, hake dispersed northwards, giving rise to present-day 
stocks of the Pacific hake, Merluccius productus, and 
southwards forming the Chilean hake, Merluccius gayi (Kabata 
and Ho, 1981; Inada, 1981). One deep water species, 
Merluccius angustimanus (the Panama hake) evolved in the Bay 
of Panama, imprisoned below surface waters of unacceptably 
high temperature. The Offshore hake, Merluccius albidus 
developed along the Atlantic Coast of the United States, the 
Gulf of Mexico and the Caribbean Sea (Kabata and Ho, 1981; 
Inada, 1981). Kabata and Ho (1981) suggest that the 
Atlantic hake dispersed southward along the East Coast of 
South America and speciated into the Argentinian hake, 
Merluccius hubbsi, or alternatively, thatM. hubbsi had a 
Pacific origin. Inada (1981) and Szidat (1955) also 
postulate that the hake invaded the eastern coasts of 
southern America around Cape 
period of Pleistocene (Fig. 
Horn during the Interglacial 
1.1.2). The presence of the 
Amazon River, which already existed during the Pleistocene, 
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Figure 1.1.2 
Dispersal of Merlucciidae along the coasts of the American 
continent 
G: M. bilinearis 
H: M . albidus 
I: M. magnoculus 
K: M. product us M 
L: M. a n g u s t i ma n u s 
M: M. gayi 
N 
N: M. polylepis 
0: M. hubbsi 
P: M. austral is 
p 
would have prohibited the southward migration of hake along 
the East Coast of South America, as it presented a barrier 
of low salinity water (Inada, 1981). 
1 . 1 . 4 Dispersal of hake along the West Coast of 
Afr lea 
Merlucciidae also migrated from the North Atlantic Ocean to 
southern warmer waters along the West Coast of the Eurasian 
landmass, and split into two groups when they reached the 
Mediterranean (Kabata and Ho, 1981) (Fig. 1.1.3). One group 
formed the European hake Merluccius merluccius, and the 
other group proceeded southward along the West Coast of 
Africa until it reached the southernmost point of Africa. 
Hake may have spread relatively rapidly along this coast and 
until recently, the populations of hake along the coast of 
Africa were regarded as subspecies of the European hake, M. 
merluccius (Kabata and Ho, 1981). Inada (1981) proposed 
that M. me r I u c c i us and Me r l u cc i us s en e g a I ens i s (Senegalese 
hake) evolved to the north of western Africa and that the 
Benguela hake, Merl u cc i us po I Ii , which occurs along the 
Angolan coast, developed in deeper equatorial waters. 
Szidat (1961), on the other hand, suggests thatM. polli is 
derived from the European M. mer I u cc i us , whereas M. 
capensis, the shallow-water Cape hake, was more similar to 
M. senegalensis from the West Coast of Africa. He 
postulated that M. capensis could have arrived in southern 
15 
Figure 1.1.3 
Dispersal of Merlucciidae along the coast of the Eurasian 
landmass 
A: M. mer I u cc i us 
B: M. senegalensis 
C: M. cadenat i 
D:M. po/Ii 
E: M. capens is 
F: M. paradoxus 
Africa from the Pacific with the cold water currents, as it 
is morphologically very similar toM. gayi. He then further 
suggests that it is theoretically possible that the two 
species rµ. capensis and M. merluccius) dispersed in 
opposite directions through the tropical zone, to speciate 
into M. senegal ens is and M. pol Ii, respectively. 
None of these hypotheses include the fact that two sympatric 
species, M. capens is and M. paradoxus, occur along the 
coasts of southern Africa. It is still not clear whether 
these two species are derived from one common North Atlantic 
ancestor, or whether they are derived from different 
ancestral species. Merluccius paradoxus is reported to be 
closely related to the other two deep-water hake species, 
Merluccius austral is andM. polli, in general appearance, 
and in that they have numerous vertebrae (Inada, 1981). 
Merluccius capensis is more closely related to M. 
senegalensis in general characteristics, and has some 
characteristics in common with M. merluccius andM. hubbsi 
( Inada, 19 81 ) . 
1 . 1 . 5 Dispersal of hake to New Zealand 
One of the controversies concerns the arrival of M. 
australis in New Zealand. Migration of the two southern 
African species to New Zealand via the Indian Ocean is 
prevented by the warm southward flowing Mozambique current 
16 
along the East Coast of southern Africa (Inada, 1981). 
Kabata and Ho suggest that eitherM. gayi (Chilean hake) or 
M. productus (Pacific hake) must have crossed from South 
America to Antartica and from there to Australia and New 
Zealand, about 30 million years ago. This migration was 
assisted by southward currents which existed prior to the 
Circumantarctic current (Kabata and Ho, 1981). Inada (1981, 
1986) also found that the Patagonian hake, Merluccius 
polylepis, from southern South America, was the same as the 
New Zealand species. Other New Zealand fishes such as 
Macruronus, Genypterus, and Callorhynchus also show a close 
relationships with species from southern South America and 
southern Africa, thereby favouring the hypothesis of 
dispersal of hake from South America to New Zealand (Inada, 
1981). Fossils of hake were found in Australia from the 
Miocene, showing that hake existed in Australia about 26 
million years ago, and for some unknown reason, became 
extinct (Kabata and Ho, 1981; Inada, 1981). 
1 . 1 . 8 Present-day distribution of Hake 










isotherms, 7°C and 23°C, form barriers to the expansion of 
hake populations (Kabata and Ho, 1981). Hake are confined 
in several areas by a combination of land and temperature 













































































































































































































































































1981). Present-day distributions of the fifteen hake 
species are presented in Fig. 1.1.4. 
1 . 1 . 7 The southern African Hake Populatlons 
1.1.7.1 Nomenclature of the Cape hake 
The hake species exploited by the trawl fishery off Namibia 
(South West Africa) and South Africa are generally referred 
to as the Cape Hake or Stock fish. South African 
exploitation of the Cape Hake started as early as the end of 
the 19th century, and peaked in 1972 with landings of over 
1 million tons, thereby establishing the Cape Hake fishery 
as the largest of its kind in the world (Botha, 1980; Inada, 
1981). 
Despite the increasing importance of the Cape Hake 
fisheries, very little research, other than early surveys, 
was done, and until 1954 it was assumed that the Cape Hake 
belonged to the species M. capensis. In 1954, Franca 
described two forms of M. capensis (Castelnau) which could 
be distinguished by the numbers of vertebrae (Franca, 1954). 
In a later paper, Franca described these two forms as 
subspecies of M. capensis, Merluccius capensis capensis 
(Cast.) Franca, andMerluccius capensis paradoxus Franca, 
but in 1962 he suggested that they were best considered 
subspecies of M. mer l u cc i us (Franca, 19 6 0, 19 6 2) . In 19 6 9, 
Jones and Mackie used zone electropherograms of muscle 
myogens to identify two forms of hake in the waters off 
18 
Namibia, and these results corresponded to the 
classification by vertebral counts (Jones and Mackie, 1970). 







of 51 vertebrae, whereasM. m. paradoxus had 56 
Jones and Mackie (1970) also suggested that the 
of hake had different bathymetric distributions, 
a small degree of overlap, where the "paradoxus" 
found in deeper and cooler water, and the 
form in shallower, warmer water. Van Eck (1969) 
reported similar results to those of Jones and Mackie using 
vertebral counts, and reported that the two subspecies could 
be distinguished with the naked eye by looking at the outer 
gill arch. The outer gill arch inMer/uccius had outgrowths 
at both ends (low spinulose tubercles), which differ between 
species. Merluccius m. capensis had rounded tubercles of 
uniform white colour, whereas the tubercles of M. m. 
paradoxus were longer and thinner and had small black dots 
in the center (Fig. 1.1.5). 
Although there is still some doubt as to whether these two 
forms are species or subspecies, they are generally referred 
to as the shallow-water Cape Hake, M. capensis, and the 
deep-water hake, M. paradoxus. They are morphologically 
very similar, as can be seen in Fig. 1.1.6. 
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Figure 1.1.5 
Photo of the outer gill arch fromMerluccius capensis (top) 
andMerluccius paradoxus (bottom). The spinulose tubercles 
fromM. capensis are rounded and of uniform white colour. 
The tubercles fromM . paradoxus are longer, thinner, and 
have small black dots in the center. 
Figure 1.1.6 
Photo of Merluccius capensis (top) andMerluccius paradox~s 
(bottom) showing the morphological similarity of the two 
species of hake. 
1 .1 .7.2 Geographic Distribution 
Merluccius capensis is distributed from Angola (about l2°S) 
on the West Coast, to 31°E, on the South East Coast of South 
Africa (Fig. 1.1.7). Its geographic range is limited by the 
cold, northward flowing Benguela Current along the West 
Coast, and by the warm, southward flowing Agulhas Current 
along the East Coast, and this hake is found most abundantly 
in the region between Cape Frio and East London. This 
species inhabits waters with temperatures between 4°C and 
12°c, but is found chiefly in waters of 8°C (Chlapowski, 
1975; Inada, 1981). It is mainly found in waters shallower 
than 440 m, and only large individuals, 50 cm or more, are 
found in deeper waters. 
Merluccius paradoxus is distributed along the continental 
shelf off Namibia and South Africa, further offshore than 
M. capensis (Fig. 1.1.7). Its distribution is slightly more 
restricted than M. capensis, between 18°S on the West Coast 
to 27°E on the eastern edge of the Agulhas Bank. It is 
found in deeper waters, from 200 m to depths of 850 m. 
Generally, M. paradoxus is found in cooler waters, of 4°C -
8°C, and the two species coexist at depths ranging between 
200 and 400 m (Jones and van Eck, 1967; Botha, 1973; Inada, 
1981). Merluccius capensis females grow faster than males 
and this species grows faster than M. paradoxus. Since 





F I g u r e 1 . 1 . 7 
Geographic distributions of southern African hakes, 
Merluccius capensis andMerluccius paradoxus 
Cape 
Grounds 
M . capensis 






between species exists between the large adults of M. 
capens is, and juvenile M. paradoxus • 
1 . 1 . 8 Objectives 
The two species of hake are of economic importance to the 
South African fishing industry. These two species are, 
however, still managed as one stock, due to the difficulty 
of splitting the catch into the two species, a process which 
requires a physical examination 
1984). 
of each fish (Badenhorst, 
There is a continuing dispute over the classification of the 
southern African hake, as to whether there are two species 
or two subspecies. With the heavy exploitation of the hake, 
an important consideration in stock assessment is whether 
each species represents a panrnictic breeding unit, or 
whether subpopulations occur within each species. Results 
of this assessment will influence the conservation of the 
stock. It is not possible to determine different 
populations simply by physiological or morphological 
characteristics, and the previous discussion emphasises the 
difficulties experienced in distinguishing the two species. 
The goal of this study was to determine the degree of 
genetic divergence between the two taxa of hake occurring 
off the coast of South Africa and Namibia. The intention 
was to employ two different methods to distinguish between 
the two taxa. One method was looking at the variation of 
21 
nuclear genes and the other was determining the amount of 
genetic variation in cytoplasmic genes. The first method 
used in this study was protein electrophoresis, and the 
second method was restriction endonuclease fragment- and 
• 
restriction site-analysis of mtDNA. The results obtained by 
these methods were compared, and the data generated during 
this study were used to detect different stocks that might 
exist within each species. 
Parts of the mtDNA from both species of hake were cloned and 
these clones were used as probes to determine the 
phylogenetic relationship of the two southern African hake 
species to the New Zealand hake, M. au s t r a l i s • Finally, 
functionally important mitochondrial genes were identified 
by sequencing parts of the mtDNA clones. At the same time, 
these data were used to elucidate the evolution of mtDNA 




ANALYSIS OF MERLUCC/US 
CAPENSIS AND M. PARADOXUS 
2 . 1 INTRODUCTION 
2 . 1 . 1 General 
Species are defined as self-reproducing organisms which can 
interbreed among themselves but which are reproductively 
isolated from other such groups (Mayr, 1982). Often the 
limited mobility of each individual within a species, 
compared to the geographical range of the species, prevents 
genetic continuity. In fact, most species do not behave as 
simple panmictic groups (Shaklee, 1982). Non random 
reproduction within species does occur, because geographic 
and environmental barriers often reduce or prevent gene flow 
between individuals in different areas. This may give rise 
to subpopulations which are self-sustaining breeding units 
within the species. If the differentiation between the 
groups is great enough, they may be classified as discrete 
subspecies, or more frequently, they are referred to as 
stocks. Major factors influencing the amount of genetic 
differentiation among stocks are: (1) The amount of time 
since the populations were separated from one another; (2) 
Population size, as genetic drift and founder effects may be 
important mechanisms bringing about changes in allelic 
frequency; (3) The amount of gene flow between populations; 
and (4) the intensity of natural selection on individuals in 
different habitats. To formulate harvesting and 
conservation measures for fishery management, it is 
important to be aware of any subpopulations, as it is 
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crucial to maintain continued successful reproduction of 
each individual stock. 
Normally species are distinguished according to their 
morphological traits, but often these traits are not very 
obvious, as, for instance, in the two "species" of hake 
found along the coast of southern Africa. 
Over the past two decades, protein electophoresis was 
developed to measure the amount of inherited biochemical 
variation that existed in natural populations. Presently, 
electrophoretic analysis of proteins is used to determine 
the taxonomic status of species and the evolutionary 
interrelationships of populations and species (Allendorf and 
Utter, 1979). Electrophoretic protein analysis makes it 
possible to examine a large number of protein encoding genes 
without using breeding experiments, which are impractical. 
Other powerful uses of protein electrophoresis are: (1) 
identification of Fi interspecific hybrids; (2) species-
specific alleles can be used as markers to identify 
juvenile, larval and embryonic stages of fish; and (3) it 
can be used to identify isolated tissue samples such as fish 
fillets which lack diagnostic morphology. 





been used to 
using 
study 
rainbow trout (Sa/mo gairdneri ), where a coastal and inland 
group were distinguished ( Utter et al . , 19 7 3) . Reproductive 
mixing in spawning populations is small, as the adults 
24 
Another example of always return to their stream of birth. 
fish with similar behaviour is trout, and electrophoresis 
runs of fish, from proved to be a valuable tool when 
endangered spawning areas, had to be allowed to escape from 
the fishing grounds (Utter et al. , 1973). 
Genetic stock identification was also applied to marine 
fishes such as Pacific herring (Clupea pallasi ), showing 
that herring are not genetically subdivided, as tagging and 
morphological data suggested (Grant and Utter, 1984). 
The amount of gene flow between populations of demersal 
fishes, appears to differ to a small degree from species to 
species. Oceanic populations of Pacific hake ,µ. 
product us appear to act as a single panmictic unit, with 
low latitude spawning off southern California and Mexico, 
followed by annual feeding migrations to the north, up to 
Vancouver Island, Canada (Bailey et al., 1982). In another 
study it was thought that the Benguela upwelling system of 
the West Coast of South Africa might act as a barrier 
between populations of the southern African pilchard 
(Sardinops oce/lata ). No genetic differences were found 
between the pilchards of South Africa, and Namibia (Grant, 
1985). In general, marine fishes seldom have genetic 
subdivision between populations, because there are few 
physical or behavioural barriers to migration. 
The aim of this study was to determine the taxonomic status 
of the two different hakes ,µ. capens is and M. paradoxus) 
25 
occurring along the coast of southern Africa, using a large 
number of biochemical markers. The gene products of 31 
protein-coding loci were examined for Mendelian variation. 
The loci that were found to be polymorphic were used to 
describe the genetic population structure of both species of 
hake. This part of the work was done in close collaboration 
with W. S. Grant (see also Grant et al., 1988a, 1988b). 
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2.2 MATERIALS AND METHODS 
2 . 2 . 1 S amp I e co I I e ct I on and prep a r a t I on 
Samples of M. paradoxus andM. capensis were collected from 
ten and eleven locations, respectively, extending from the 
South Coast of South Africa to northern Namibia (Table 2.2.1 
and 2.2.2; Fig 2.2.1.). Eyes, muscle, liver and heart 
tissues were collected from all individuals and kept frozen 
at -20°C until further analysis in the laboratory. Soluble 
proteins were extracted from muscle, liver or heart tissues 
by placing them in distilled water and homogenising with a 
glass rod by hand. Eye fluids were tested undiluted. The 
homogenate was centrifuged for five min at 1000g to remove 
cell debris. 
2.2.2 Protein Electrophoresis 
Horizontal starch-gel electrophoresis followed the procedure 
of May et al. ( 1979). All of the enzymes examined were 
resolved using three buffer systems (Table 2.2.3). Gels 
consisted of thirteen percent hydrolysed potato starch in 
250 ml of the appropriate gel buffer. About one quarter of 
the buffer was used to suspend the starch in a 1000 ml 
Erlenmeyer flask. The remainder of the buffer solution was 
heated until boiling and then added to the starch-buffer 
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Locations of samples of Merluccius capensis (•) andM. 
paradoxus (o) used in study of genetic variation. 
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swirling it vigorously all the time. The starch mixture 
was degassed using a suction pump, and was poured into a 
prepared form consisting of an 18 by 25 cm glass plate with 
four 7 by 18 mm plexiglass strips clamped around the 
perimeter. The hot starch mixture was allowed to cool, 
usually overnight, before use. The prepared gel was cut 
approximately three centimeters from the cathodal end. 
Supernatant from each sample prepared previously, was 
absorbed onto a filter paper wick. Forty to fifty of these 
wicks were placed vertically in a cut gel (origin). 
Disposable absorbent cloths were used to conduct the current 
from the electrode buffer to the appropriate ends of the 
gel. Electrophoresis was then started and the wicks were 
removed after five minutes of electrophoresis, the gel was 
pressed together firmly and an ice pack was placed on top of 
the gel to prevent denaturation of the proteins by heat. 
Electrophoresis was terminated after three to five hours, 
when an indicator dye marker had migrated 7-9 cm from the 
origin. 
2.2.3 Staining Procedure 
Following electrophoresis, 
into four or five 1.5 mm 
each gel was sliced horizontally 
thick slabs. This was done by 
sequentially placing pairs of 1.5 mm plastic strips on the 
sides of the gel and drawing thin fishing line through the 
gel. The locations of the enzymes in the gels were observed 
28 
using the histochemical staining procedures of Harris and 
Hopkins (1976). Twenty-five milliliters of the appropriate 
stain solution was mixed with molten agar to give a 1.0% 
agar concentration and this stain mixture was poured over 
each slab. The slabs were then incubated at 37°C in the 
dark. Genotypes for each individual were recorded as soon 
as the enzyme staining process was complete. The components 
of the staining solutions for the enzymes routinely examined 
in this study are listed in Table 2.2.3. 
2 . 2 . 4 Nomenclature 
Nomenclature of protein loci followed that of Allendorf and 
Utter (1979). Multiple loci, coding for functionally 
similar enzymes, were designated numerically, starting from 
the cathodal end of the gel. Variant alleles were 
designated according to their electrophoretic mobility 
relative to the most common allele, which was designated 
100. Designations of allelic variants migrating 
cathodically were preceded by a minus sign. The 
abbreviations used to designate each enzyme are given in 
Table 2. 2. 3, When written in italics, these same 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2. 2. 5 Genet le lnterpretat Iona 
Since no breeding experiments were performed to establish 
the genetic basis of the banding variants, several criteria 
were used to infer the mendelian nature of the phenotypes: 
(1) Gene expression in closely 
considered, because gene expression 
related groups of organisms, 
related organisms was 
tends to be similar in 
(2) Initially, all of the different tissues were tested for 
expression of a locus, because the variant phenotypes should 
be parallel among tissues, 
(3) The subunit construction of functionally similar 
isozymes is usually conserved across species and we compared 
our results to previously obtained results of related 
species, 
(4) The phenotypic proportions in the sample fitted those 
expected with random mating, or Hardy-Weinberg proportions, 
which were obtained by binomial expansion of the sums of 
allelic frequencies, 
(5) No unexpected 
Unexpected phenotypes 
among the samples, or 
phenotypes appeared on the gels. 
may indicate 
it may mean 
genetic model used, must be revised. 
taxonomic heterogeneity 
that the particular 
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2.2.6 Statistical Analysis 
2 . 2 . 6 . 1 Ha r d y. We I n berg Prop or t I on s 
In a randomly-mating population, mating occurs in the 
population without regard to genotype, and the expected 
proportions of genotypes in the generation following random 
mating are a binomial expansion of allelic frequencies. For 
a two allele system, Hardy-Weinberg proportions are: 
(a + b ) 2 = a 2 + 2a b + b 2 
where a is the frequency of an allele, and b = 1 - a , a 2 and 
b 2 are the expected proportions of homozygotes, and 2a b is 
the expected proportion of heterozygotes. The expected 
numbers of individuals for each phenotypic class are 
obtained by multiplying each proportion by sample sizeN. 
The phenotypic proportions in a sample should fit those 
expected from random mating. 
Deviations from Hardy-Weinberg proportions may be measured 
as the difference between the proportions of expected (HE) 
and observed (Ho) relative to the proportion of expected 
heterozygotes 
D = (HE - Ho ) / HE • 
A negative value of D indicates a deficit of heterozygotes 
and a positive value an excess of heterozygotes. 
The test for goodness of fit (Sokal and Rohlf, 1981) was 
used to test the distributions of phenotypes at each locus, 
for fit of Hardy-Weinberg proportions. For loci having low 
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expected values of some phenotypes, phenotypic classes were 
pooled according to Swofford and Selander (1981). 
2.2.6.2 Heterozygoal ty 
Expected heterozygosity was the proportion of heterozygotes 
expected with the assumption of random mating (Hardy-
Weinberg proportion), and was calculated by: 
h = (l - r..p, 2 ) 
where p, denotes the frequency of the ith allele. Average 
heterozygosi ty (H) was the average of h over all loci, 
including monomorphic loci. 
2.2.6.3 Gene Dlveralty Analyala 
Total gene diversity can be partitioned into within-and 
between-subpopulation components as a means of describing 
the dynamics of population structure (Nei, 1973). Nei 
(1973) gene diversity analysis with the computing algorithm 
of Chakraborty et al. (1982) was used to estimate the 
relative amounts of gene differentiation between groups at 
various levels of subdivision. The total population gene 
diversity (Hr; heterozygosity of pooled allele frequencies) 
was partitioned into two components 
Hr - Hs + Dsr 
whereHs is the average subpopulation heterozygosity and DsT 
is the proportion of Hr that is due to differences between 
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subpopulations. The relative proportion of the total gene 
diversity that is contained within subpopulations is Hs /HT 
and GsT = DsT /HT is the the relative proportion of the total 
diversity that is due to differences between subpopulations. 
2.2.e.4 Genetic Distance 
Nei's (1972) coefficients of identity (I) and distance (D) 
were used to measure genetic relationships between samples. 
I is defined as: 
[ = fxy / (fxx ]yy ) 1 / 2 
where J xx and J yy are the averages over loci ( including 
monomorphic loci) of the sum of the squares of allelic 
frequencies within populations X and Y, respectively. lxx 
was calculated as follows: 
J xx = p:: Px, 1 2 ) / loci 
where px, 1 is the allelic frequency of the jth allele of the 
ith locus in population X. Similarly !yy is calculated for 
population Y. lxy is the average over loci of the cross 
products of allelic frequencies of the two populations 
J X y = ( I: Px { j p y i j ) /loci. 
Genetic distance, D, is defined as the negative natural log 
of I 
D = -ln (/ ) 
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The standard error of D was computed according to Nei and 
Roychoudhury (1974). Values of I can range from 0.0, which 
represents total dissimilarity, to 1.0, representing 
identity, and the values of D can range from 0.0, 
representing no genetic difference, to infinity. 
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2.3 RESULTS 
2 . 3 . 1 Electrophoretlc variation 
The gene products of 32 protein-coding loci were identified 
in M. capens is, and 31 loci were resolved in M. paradoxus, 
using the criteria of Allendorf and Utter (1979). The 
results were 
species of 
a/. f 1970), 
also compared 
hake (Utter and 
In M. capens is , 
to those reported for other 
Hodgins, 1969, 1971; Utter et 
19 loci were fixed for the 100 
allele including, Ck-B, Gap-I, Gap-2, Gpd-A, Gpd-B, Gpd-C, 
Ld h - C , Md h - B , Mp i , Np , Pep -X , Pt - 1 , Pt - 2 , Pt - 3 , Pt - 4 , Pt - 5 , 
Sdh, Sod-I, and Pgd. Seven loci (22.6%), Ck-A, Gpi-A, Gpi-
B, Pgm-1, Pgm-2, Pep-B, and Pep-D, had common-allele 
frequencies less than 0.95 in at least one sample, and 6 
loci, Gda, Idh-B, Ldh-A, Ldh-B,Mdh-B, andMe, had common-
allele frequencies less than 1.00 but greater than 0.95. 
In M. paradoxus, 13 loci, Ck-B, Gap-2, Gda, Gpd-A, Gpd-B, 
Ldh-C,Mdh-B, Pep-X, Pt-1, Pt-2, Pt-4, andSdh, were fixed 
for the most common allele in M. capens is. Five loci, Ck-A, 
Gap-I, Gdp-C, Pt-5, and Np, were fixed for alleles other 
than the 100 allele inM. capensis; 8 loci (25.8%), Gpi-A, 
Pgm-1, Pgm-2, Mdh-B, Mpi, Idh-B, Me, and Pep-D, had common-
allele frequencies less than 0.95; and Gpi-B, Ldh-A, Ldh-B, 
Pgd, and Sod-I, had common-allele frequencies less than 1.00 
but greater than 0.95. Only the loci with common-allele 
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frequencies less than 0.95 were used for testing of 
geographic population structure. 
2.3.2 Des c r I pt I on . of Enzyme Sys t ems 
2.3.2.1 Creatlne Kinase Ck 
This enzyme showed two zones of activity, with Ck-A being 
expressed most strongly in skeletal muscle, while Ck-B 
appeared in eye fluids in both, M. capens is and M. 
paradoxus. Fisher et al. (1980) reported three CK loci in 
other Gadiformes. One isozyme was restricted to the eye and 
the brain, which agrees with the results found for these two 
species of hake. The most anodic zone Ck-B was very faint 
in M. paradoxus, but stronger in M. capens is • This locus 
was monomorphic in both species. The anodic zone Ck-A had 
double- and single-banded phenotypes inM. capensis, which 
were interpreted as 
respectively (Fig. 2.3.1). 
shown that although Ck 
heterozygotes and homo zygotes 
Ferris and Whitt (1978) have 
is a dimer in fishes, the 
heterodimers of heterozygotes do not form because of 
temporal or spatial isolation of the Ck subunit synthesis 
and assembly. Ck-A of M. paradoxus was monomorphic. 
36 
Figure 2.3.1 
Electrophoretic variability for creatine kinase (Ck- A) in 
muscle tissues of Merluccius capensis (C) andMerluccius 
paradoxus (P). 
CK 
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2.3.2.2 Glucosephosphate lsomerase • Gpl 
Three zones of activity appeared when gels were stained for 
this dimeric enzyme, and were interpreted to reflect the 
products of two loci, Gpi-A and Gpi-B, and a zone of 
intermediate mobility reflecting interlocus heterodimeric 
isozymes. This agreed with Dando (1974), who reported that 
all teleostean fishes have two distinct autosomal loci for 
Gpi. Merluccius paradoxus had two anodic zones of banding, 
whereasM. capensis had one cathodic zone of banding close 
to the origin and one anodic zone. In both species Gpi was 
most strongly expressed in skeletal muscle. Dando (1974) 
found that both loci were expressed equally well in heart 
muscle, but skeletal muscle also expressed both 
satisfactorily. In the two species of hake, both loci had 
single-banded and triple-banded phenotypes, which reflected 
homozygotes and heterozygotes, respectively (Fig. 2.3.2). 
The fast allele of M. capensis, which migrated anodally, had 
the same mobility as the most common allele of M. paradoxus. 
2.3.2.3 Glyceraldehyde-phosphate dehydrogenase-Gap 
Two loci, Gap-1 and Gap-2, coding for this enzyme, were 
found in both species of hake. The protein encoded byGap-2 
had the same electrophoretic mobility in both species, 
whereas the protein encoded byGap-1 of M. paradoxus had 
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Figure 2.3.2 
Electrophoretic variability for glucosephosphate isomerase 
(Gpi) in muscle tissues of Merluccius capensis (C) and 
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double the mobility of the one found in M. capens is • Both 
loci in both species of hake were monomorphic. 
2.3.2.4 Glycerol-3-phosphate dehydrogenase • Gpd 
The products of three 
Gpd-A and Gpd-B were 
loci were observed in both species; 
best expressed in muscle tissue 
extracts, and Gpd-C was best expressed in heart extracts. 
Fisher et al. (1980) found Gpd-C best expressed in liver, 
and three loci were reported. Gpd-B of M. capens is showed 
rare broad-banded heterozygotes. The other loci were 
monomorphic and had the same electrophoretic mobility in 
both species. 
2.3.2.5 Guanine deamlnase - Gda 
Only one zone of banding was observed for both species of 
hake when gels were stained for this enzyme. Both M. 
capensis and M. paradoxus were monomorphic for this enzyme, 
and it was expressed best in heart and liver extracts. 
2.3.2.8 l1ocltr1te dehydrogenate - ldh 
Staining for this dimeric enzyme revealed two zones of 
activity, with 
skeletal muscle, 
Idh-B being most prominent in extracts of 
and I dh -A most strongly expressed in liver 
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Figure 2.3.3 
Electrophoretic variability for isocitrate dehydrogenase 
(Idh-B) in muscle tissues of Merluccius capensis (C) and 
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and heart tissue. In M. paradoxus, heterozygotes for ldh-B 
expressed symmetrical three-banded phenotypes, indicating 
that a single locus codes for this dimeric enzyme in 
Merl u cc i us (Fig. 2. 3. 3) . The Id h -B locus had rare triple-
banded heterozygotes forM. capensis. The most common 
allele of M. paradoxus 
the allele most common 
migrated with the same mobility as 
(Fig. 2.3.3). The inM. capensis 
phenotypes of Idh-A were not well resolved on the gels and 
were not used for routine genotyping. 
2.3.2.7 Lactate dehydrogenase Ldh 
The products of three loci were observed, where two zones of 
activity were cathodic and one was anodic. The most 
cathodic locus Ldh-C was only expressed in liver, and the 
other two loci, Ldh-A and Ldh-B, were expressed best in 
muscle tissue. Shaklee and Whitt (1981) analysed the Ldh 
isozymes of Gadiform fishes and reported that nearly all 
bony fishes had three distinct Ldh loci. In many Gadiform 
fishes the C4 isozyme is expressed as a relatively cathodal 
isozyme, predominating in the liver. Two species of 
Meriluccidae (Merluccius bilinearis andMerluccius albidus) 
showed that liver contained exclusively the C4 isozyme, and 
the other two isozymes were found in skeletal muscle 
(Shaklee and Whitt, 1981). Similarly, Utter and Hodgins 
(1971) reported that there were three loci coding for Ldh 
in the Pacific hake, M. productus. The loci detected inM. 
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Figure 2.3.4 
Electrophoretic variability for lactate dehydrogenase ·(Ldh) 
in muscle and liver tissues ofMerluccius capensis (C) and 
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capensis and M. paradoxus agree with the results reported 
for other Merluccius species. In M. capensis and M. 
paradoxus, Ldh-B had rare heterozygotes, and Ldh-A, which 
migrated at the origin, had rare five-banded heterozygotes 
inM. paradoxus indicating that the enzyme is a tetramer 
(Fig. 2.3.4). 
2.3.2.8 Ma late dehydrogenase • Mdh 
This dimeric enzyme was encoded by two loci in hake. 
Similarly, it was reported by Fisher et al. (1980) that two 
Mdh loci encoding cytosolic isozymes were present in fish. 
The more anodic zone, Mdh-A, was monomorphic for M. 
paradoxus, but rare broad-banded heterozygotes were found 
inM. capensis. Both loci were best expressed in muscle 
tissue extracts. Products of Mdh-B, which migrated more 
cathodally, showed no polymorphism forM. capensis, and only 
very rare broad-banded heterozygotes were detected forM. 
paradoxus. The most common allele of Mdh-A, of M. capens is, 
had the same electrophoretic mobility as the allele found in 
M. paradoxus. 
2 . 3 . 2 . 9 Ma I I c enzyme • Me 
One anodal zone of activity was resolved for this tetrameric 
enzyme, which reflected a single locus. InM. capensis this 
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enzyme was rarely polymorphic. It was expressed well in 
liver and skeletal muscle of both species. InM. paradoxus, 
the homozygote gave rise to a narrow-banded phenotype, while 
the heterozygote gave rise to a broader-banded phenotype. 
Gene expression in these species of hake differs somewhat 
from other gadids. Grant and Stahl (1987), for instance, 
found expression 
morhua) and of 
ma c r o c e p h a I u s ) • 
of three loci 





2.3.2,10 Mannose-phosphate lsomerase • Mpl 
(Gadu s 
(Gadu s 
One zone of banding was observed for both species. The 
zones were strongest in muscle tissue extracts, but the 
banding patterns were clearer in heart tissue extracts. Mpi 
was monomorphic forM. capensis, andM. paradoxus was highly 
polymorphic. Nine alleles could be distinguished for M. 
paradoxus in the form of double-banded heterozygotes and 
single-banded homozygotes. 
2 , 3 . 2 . 1 1 General Protein · Pt 
When staining for general proteins, five different zones of 
banding were observed (Pt - I , Pt - 2 , Pt - 3 , Pt - 4 , and Pt - 5 ) 
which were all monomorphic for both species of hake. 
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2.3.2. 12 Nucleoslde phosphorylase - Np 
Only single-banded homozygotes were detected in both M. 
capensis and M. paradoxus when staining for this enzyme. 
The expression was best in eye fluids and the enzyme of M. 
paradoxus migrated more anodally in comparison to the one of 
M. capens is . 
2.3.2.13 Pep t I daaes 
Several different isozymes were detected using different di-
and tripeptide substrates. 
2.3.2.13.1 Pep-A (Leu-tyr) 
Pep-A was expressed strongest in heart and skeletal muscle. 
Pep-A was highly polymorphic in both species of hake, but 
could not be adequately resolved for genotyping. 
2.3.2.13.2 Pep-B ( leu-gly-gly) 
Pep-B in M. paradoxus had at least nine alleles which had 
mobilities close to one another, and interpretation of the 
products of this locus, for genotyping, was therefore not 
attempted. In M. capensis, only four alleles were found 
for Pep-B, of which the heterozygotes had double-banded 
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phenotypes with equal band intensity, whereas the 
homozygotes had single-banded phenotypes. These two-banded 
heterozygous phenotypes suggested that Pep-B encoded a 
monomeric enzyme. 
2.3.2.13.3 Pep-C ( leu-tyr) 
This peptidase appeared to be polymorphic in both species. 
Poor resolution with our buffers resulted in Pep-A and Pep-C 
migrating very close to each other. Genetic interpretation 
was not attempted for Pep-C in either species, because of 
poor resolution, complicated variable banding patterns, and 
partial overlap between Pep-C and Pep-A. 
2.3.2.13.4 Pep-D (Phenylalanyl -prol lne) 
Staining for this peptidase revealed one polymorphic locus 
and both species of Merluccius had at least six alleles. 
The heterozygote had symmetrical broad-banded phenotypes and 
also rare triple-banded phenotypes, suggesting a dimeric 
subunit construction. The homozygote had a narrower-banded 
phenotype (Fig. 2.3.5). In both species, Pep-D was 
expressed in the heart and skeletal muscle, and although 
banding was clearer in the skeletal muscle, it was much 
stronger in the heart extracts. This can be clearly seen in 
Fig. 2.3.5, whereM. paradoxus samples were prepared from 
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Figure 2.3 . 5 
Electrophoretic variability for the peptidase Pep-D (using 
substrate phenylalanyl-proline) in muscle tissues of 
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skeletal muscle, andM. capensis, from heart extracts. The 
most common allele of M. paradoxus was slightly more anodic 
than the most common allele of M. capens is . 
2.3.2.13.5 Pep-X ( leu-tyr and teu-gly-gly) 
A more anodal zone of 
substrates leu-tyr and 
banding appeared when the two 
leu-gly-gly were used. This 
peptidase was designated Pep-X after the nomenclature of 
Frick (1983). This locus was ,invariant in both species. 
2.3.2.14 Phoaphoglucomutaae Pgm 
44 
Two loci coding for this monomorphic enzyme were observed; 
Pgm-1 was best expressed in skeletal muscle and Pgm-2 most 
strongly in liver extracts. The most anodic zone, Pgm-2 
showed narrow single-banded, and double-banded or broad-
banded phenotypes. The former phenotype was interpreted as 
representing homozygotes, and the latter two phenotypes 
represented heterozygotes. This zone was also much lighter 
than the more anodic zone, Pgm-1 . Pgm-1 had single- and 
double-banded phenotypes, which reflected homozygotes and 
heterozygotes, respectively. The slow allele in M. 
paradoxus corresponded to the most common allele (100) inM. 
capensis, as can be seen in Fig. 2.3.6. Similarly, in Pgm-
Figure 2.3.6 
Electrophoretic variability for phosphoglucomutase (Pgm) in 
muscle tissues ofMerluccius capens i s (C) andMerluccius 
paradoxus (P). 
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2, the most common allele of M. paradoxus had the same 
mobility as the most common allele in M. capens is . 
2.3.2. 16 6-Phoaphogluconate dehydrogenaae - Pgd 
One zone of activity was detected in both species when 
staining for this enzyme. No heterozygotes were observed 
for M. capens is, and M. paradoxus had. single-banded 
homozygotes and broad-banded heterozygotes. The allele 
found in M. capensis had the same mobility as the slow 
allele (60) in M. paradoxus, and they were expressed 
strongest in muscle tissue extracts. 
2.3.2.16 Sorbltol dehydrogenaae - Sdh 
Sdh coded for one monomorphic enzyme, which was best 




Superoxtde dlsmutaae - Sod 
cathodaly and had rare triple-banded 
For the majority of species, only single-
banded phenotypes were detected for Sod, in most tissues 
(Fisher et al., 1980). No gene duplication was noted for 
this locus. Mangaly and Jamieson (1978), on the other hand, 
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reported two zones of activity for the Sod variants found in 
the European hake f,Merluccius merluccius ). 
Allelic frequencies were pooled 
presented in Table 2.3.1. 
2.3.3 Statistical analysis 
by species, and are 
InM. capensis, average sample heterozygosities ranged from 
0.046 to 0.055, and averaged 0.051 (~0.023) over 13 samples. 
The relative proportion of the total gene diversity that is 
contained within subpopulations was 0.983, and the relative 
proportion of the total gene diversity that is due to 
differences between subpopulations was 0.017. The average D 
between pairs of samples of M. capensis was 0.0007. 
ForM. paradoxus, sample heterozygosities ranged between 
0.059 to 0.070 and averaged 0.063 (~0.026) over 10 samples. 
The difference between the average value of H for M. 
capensis and M. paradoxus was not significant (t -test on 
arcsin transforms of locus heterozygosities; Archie, 1985). 
The relative proportion of the total gene diversity that is 
contained within subpopulations was 0.987 forM. paradoxus. 
The relative proportion of the total gene diversity that is 
due to differences between subpopulations was 0.013. The 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Genetic identity, I, between M. capens is and M. paradoxus 
was 0.558 (+0.160) and genetic distance, D, between the two 
species was 0.583 (+0.160). 
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2.4 DISCUSSION 
2. 4. 1 Taxonomy of the southern African hake 
The first question addressed in this study was whether the 
two nominal species of hake occurring along the coasts of 
southern Africa are in fact two species or whether they 
should be considered subspecies. These two hakes are 
morphologically very similar and the amount of genetic 
divergence separating them has never been determined. 
Generally, genetic distance can be used as a guide to 
taxonomy, especially in cases where morphological 
differentiation is insignificant. The genetic distance, D, 
between the two hakes was found to be 0.583. Thorpe (1982) 
summarised genetic distance data for 2664 pairs of taxa of 
invertebrates and vertebrates, and found that an averageD 
between congeneric species was 0.62. Shaklee et al. (1982) 
reviewed the genetic distances between fish taxa, and found 
that pairs of taxa, classified as related species, hadD 
values ranging from 0.025 to 0.65 and averaged 0.30. These 
values show that the genetic distance between the two South 
African hake is such that they should be classified as full 
species, M. capens is and M. paradoxus • 
Another significant observation was that several loci were 
fixed for different alleles which were not shared between 
these two species of hake. From this it appears highly 
likely that two species do not share a common gene pool. 
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No individuals with hybrid genotypes were detected during 
this study. Initially it was thought that some hybrids did 
exist along the coast where the Orange River opens into the 
Atlantic Ocean. These hake were thought to be hybrids 
because of their morphology. Their anal fins seemed to have 
hybrid colouring. North of the Orange River the anal fin of 
M. capensis is entirely white and that of M. paradoxus is 
black (Grant et al., 1988a). These individuals were tested 
to determine if they had hybrid genotypes, but each 
individual showed either the M. capensis orM. paradoxus 
genotype. Jones and Mackie (1970) also showed, with the aid 
of zone electropherograms of muscle myogens, that only two 
forms of hake existed off the coast of Namibia. The absence 
of hybrid genotypes indicates that no interbreeding occurs 
between the two species of hake. 
2.4.2 Evolution of the two sympatrlc species of 
hake 
This then leads to the next question - whether these two 
sympatric species of hake are derived from the same 
ancestor, or whether they 
ancestors. In theory 
speciation can occur, but 
have evolved from two separate 
it is possible that sympatric 
as Mayr (1982) proposed, that it 
is most likely that isolation in allopatry and polyploidy 
are the primary modes 
sympatric speciation 
of speciation. It is unlikely that 
occurs. Normally, geographical 
barriers lead to the formation 
eventual speciation. If the two 
from one common ancestor, they 
of subpopulations and 
species of hake evolved 
could have arrived in 
southern Africa as one population which then speciated into 
two species. This is unlikely, as no geographical barriers 
exist that could separate them into two populations, and 
they are still inhabiting the same waters today. 
One model of syrnpatric speciation proposes that through 
assertive mating, a barrier eventually forms between two 
populations. This is often observed in birds, where 
behavioural rituals are very important (Futuyrna, 1979). The 
two syrnpatric species of southern African hake rise off the 
bottom during spawning season and move into midwater where 
they spawn. They spawn at the same time of the year, but at 
different depth (Botha, 1973) and the pelagic eggs and 
larvae drift in nearshore currents at the surface. This 
indicates that there is some extent of selective mating 
between the two hake (e.g. depth), but the eggs mix readily 
in surface currents. It is not likely that selective mating 
led to syrnpatric speciation in these two hakes. 
Other models of syrnpatric speciation assume that different 
genotypes adapt to different niches and if the selection for 
one genotype in the new niche is strong enough to prevent 
migration between the niches, these populations will form 
separate species. One possibility, in the case of the two 
South African hake, is that one population adapted to deeper 
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water, and eventually the two became reproductively 
isolated. However, the two species still spawn in the same 
waters, which makes it impossible for speciation to have 
occurred in such a manner. 
Evidence exists that some reproductive isolation can evolve 
sympatrically, but it has never been proven that complete 
speciation ever took place in that way (Futuyma, 1979). It 
is assumed that closely related species, living in sympatry, 
must have made contact after the formation of reproductive 
barriers to gene flow, which prevents reassimilation into a 
single gene pool. Sympatric species do not necessarily 
share one common ancestor, but they may have descended 
through intermediate taxa. This suggests that the two South 
African species of hake, M. capensis andM. paradoxus, did 
not have the same ancestral species. They must have started 
to inhabit the same waters only after the formation of a 
barrier to gene flow. 
Genetic distance can also give an estimation of the 
divergence time between two taxa, whereD = 1.0 is about 19 
million years of separation between two taxa (Carlson et 
al., 1978; Vawter et al., 1980). The value of D = 0.583 
(+0.160) for the two hakes gives an indication that they 
must have separated 7.6 to 13.6 million years ago. 
Interpretation of the genetic stock structure of the 
southern African hake and further statistical analysis of 
the results is included in a separate study (see Grant et 
al • , 1988a, 1988b). 
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CHAPTER 3 
RESTRICTION FRAGMENT ANALYSIS 
OF THE MITOCHONDRIAL DNA FROM 
MERLUCCIUS CAPENSIS AND 
M. PARADOXUS 
3.1 INTRODUCTION 
3 . 1 . 1 General 
Eucaryotic cells contain many different organelles in their 
cytoplasm. The mitochondrion is one of these organelles, 
and it is the seat of the main energy-yielding reactions 
such as the citric acid cycle, and oxidative 
phosphorylation. Mitochondria vary in size and shape, 
depending on organism and tissue, and the abundance of 
mitochondria per cell also fluctuates. The generally 
bacterium-like shape of mitochondria, and the fact that they 
grow in length and then divide, suggested to early-
twentieth-century cytologists that mitochondria might have 
their own genetic material, and that they might have evolved 
from a procaryotic ancestor, to live in symbiosis with their 
eucaryotic host (Watson et al., 1987; Stent and Calendar, 
1971; Metzler, 1977). 
Around the 1950s, a special class of yeast mutants 
("petite") became known. These mutations did not segregate 
as would be expected if the mutation was of nuclear origin, 
and it was concluded that the mutation was, in fact, 
cytoplasmic (Roman, 1982; Watson et al., 1987). "Petite" 
mutants contain mitochondria that are missing several vital 
enzymes, and are therefore not able to generate ATP. The 
yeast strains survive by means of anaerobic glycolysis, 
forming small ("petite") colonies as a result. To explain 
53 
these mutant mitochondria, it was postulated that they lack 
the DNA, coding for certain proteins, that is found in 
normal mitochondria. Then, around 1963, it was discovered 
that all eucaryotic mitochondria possess small circular DNA 
molecules (mtDNA). 
3. 1 . 2 Structure and size of mtDNA 
The amount of mtDNA present per cell varies from 50 - 100 
copies per diploid cell. The mtDNA is isolated as a 
covalently closed circular (ccc) molecule, with a size 
ranging from 14.5 to 19.5 kb in higher eucaryotes (Watson et 
al., 1987). The size of human, mouse, bovine, amphibian 
(Xenopus laevis ), and invertebrate (Drosophila yakuba) 
mtDNA are 16,569, 16,295, 16,338, 17,553, and 16,019 bp, 
respectively, whereas the mitochondrial "long" genome of 
laboratory wild-type yeast strains, is 85 kb in size 
( Anderson et al . , 19 81; 19 8 2; Bibb et al . , 19 81; Roe et a I . , 
1985; Clary and Wolstenholme, 1985; de Zamaroczy and 
Bernardi, 1986). 
The size of the mtDNA is about 1% that of Escherichia coli 
chromosomal DNA, therefore it cannot code for all the 
mitochondrial proteins, and it was determined that the 
proteins present in the mitochondria are only partly self-
made, while most of them are encoded by nuclear DNA (Watson 
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et al., 1987). The organization, replication, transcription 
and translation of the mtDNA is further reviewed in Chapter 
5 . 
3. 1 . 3 Size variation of mtDNA 
Many instances of size variation of the mtDNA have been 
reported within species and between species. Most of these 
length-polymorphisms could be located on the Displacement 
loop (D-loop) of the mtDNA, One example is the goat D-loop, 
which is 75% as long as the sheep D-loop (Upholt and David, 
1977). Another example is the D-loop of bovine mtDNA, which 
is 212 nucleotides shorter than the human D-loop (Anderson 
et al., 1981, 1982). In separate studies, length mutations 
were discovered in humans (Cann and Wilson, 1983b; Greenberg 
et al., 1983), apes (Ferris et al., 1981b), mice (Ferris et 
al., 1983b), lizards (Moritz and Brown, 1986), Drosophila 
(Fauron and Wolstenholme, 1976; Goddard et al., 1982), and 
crickets (Harrison et a I. , 1985). In the human mtDNA some 
of the additions or deletions were not located in the D-loop 
area (Cann and Wilson, 1983), and in the lizards, the length 
variation was due to a duplication of parts of the D-loop 
region, the rRNA genes, and some tRNA genes (Moritz and 
Brown, 1986). 
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3. 1 . 4 
3 . 1 . 4 . 1 
Ml tochondr lal DNA as a means to measure 
Relatedness In Natural Populations 
Rate of evolut Ion of the mtDNA 
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The evolutionary rate of the molecule used to determine the 
evolutionary relationships between populations of organisms, 
should match the evolutionary rate of the taxa being 
studied. The function, gene content, and gene organisation 
of the mtDNA is highly conserved in all higher eucaryotes. 
It was assumed that the mtDNA nucleotide sequence might also 
be highly conserved. Brown et al. (1979) were the first to 
show that mtDNA has been evolving much more rapidly (5-10 
fold) than single copy nuclear DNA. They constructed 
restriction endonuclease cleavage maps for mtDNA of four 
higher primates (Guinea baboon, rhesus macaque, guenon, and 
human), and by alignment of the maps with respect to origin 
of replication, the nucleotide sequence divergence was 
calculated from the number of restriction sites shared. 
Then the mitochondrial sequence divergence was plotted 
against divergence times estimated from fossil or protein 
data, and the rate of base substitutions could be calculated 
from the initial slope of the curve. The evolutionary rate 
of mtDNA was estimated to be 0.02 substitutions per base 
pair (2%) per million years. From the plateau of the curve, 
it seemed likely that certain highly variable positions in 
mtDNA become saturated by substitutions in about 10-20 
million years, after which the accumulation of further 
sequence differences slows dramatically (Brown et al., 1979; 
Aquadro et al., 1984; Avise, 1986). Ferris et al. (1983b) 
studied the mtDNA diversity in eight species of mice, and 
confirmed that the rate of sequence divergence of mtDNA was 
2-4% per million years. For sea urchins (echinoid taxa), it 
was found, however, that the nuclear and mtDNA evolve at 
approximately the same rate, which was attributed to 
fluctuations in the rate of evolution of the nuclear DNA 
rather than mtDNA (Vawter and Brown, 1986). 
Several hypotheses exist to explain the high rate of 
evolution of mtDNA: 
(1) A high rate of mutation, which can arise from the higher 
turnover rate of the mtDNA, relative to the nuclear DNA, 
providing more rounds of replication, which allow more 
errors to be generated (Brown et al. , 1979). Another reason 
for the high rate of mutation, might be the fact that the 
mitochondria lack the repair system, which excises thymine 
dimers, and it is also likely that the mitochondria 
' 
are 
inefficient in repairing other types of DNA damage (Brown et 
al., 1979). 
There are very high incidences of length mutations and 
transitions in mtDNA. The mismatch repair system of bacteria 
is specifically designed to repair length mutations and 
transitions, and microbial mutants lacking the mismatch 
repair system have a similar mutational spectrum as the one 
observed during evolution of the mammalian mtDNA (Wilson et 
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al., 1985). This observation confirms that the high 
evolutionary rate of the mtDNA, is due to inefficient repair 
of DNA. 
(2) Rapid fixation of the mutations can occur, because of 
relaxed selective constraints on mitochondrial gene 
products. Another reason is that the translational 
apparatus only has to process few a kinds of mRNAs (Brown et 
al., 1979; Avise, 1986). The mutations could also be fixed 
more readily in the mtDNA, because an individual would still 
survive, even if one of the mitochondrial genes was 
inactivated, due to the polyploidy of mtDNA in a single 
cell. 
(3) Another reason for the rapid evolution of the mtDNA is 
the "wobble" in the genetic code, which will allow 
variability to exist in the switch from one code to another 
(Wilson et al., 1985). The rapid evolution of the 
mitochondrial tRNAs and rRNAs, compared to their nuclear 
counterparts, also explains the high rate of evolution of 
the mtDNA. 
Hauswirth and Laipis (1982) postulated various reasons for 
the rapid mitochondrial genotype variation. They reported 
that two mitochondrial genotypes, which were distinguished 
by the absence or presence of one Hae III restriction site, 
existed within one Holstein cow maternal lineage. Simple 
segregation of variant molecules could not explain the rapid 
variation, because numerous mitochondria are present in each 
single cell. 
heterozygosity of 
Several models, which all assume a 
mtDNA within germ-line cells, were 
proposed to explain this phenomenon (Hauswirth and Laipis, 
1982): 
(4) There are only a few mtDNA molecules in germ cells, 
which would lead to a genetic founder effect, and the 
preferential amplification of one mtDNA molecule could lead 
to a shift from one mitochondrial genotype to another, in a 
single generation. 
(5) In another model, it was proposed that the mitochondria 
are segregating into different fetal tissues in the 
developing oocyte (Hauswirth and Laipis, 1982). This would 
give rise to different mitochondrial genotypes. 
A few examples exist where mtDNA heteroplasmy was detected. 
Drosophila mauritiana was shown to have two types of mtDNA 
molecules, of different length, occurring in the same 
individuals, and some crickets had more than one size class 
of mtDNA (Solignac et al., 1983; Harrison et al., 1985). 
In any event, it is now a widely accepted fact that the 
mtDNA evolves faster than the nuclear DNA. This rapid rate 
of evolution makes it a useful molecule with which to study 
the relationships between species and populations. In 
general, it is the method of choice to estimate relatedness 
between species which diverged recently, about 5-10 million 
years ago ( Brown e t al . , 19 7 9 ) . 
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3. 1 . 4. 2 Inheritance of the mtONA 
Another interesting aspect of mitochondria is their manner 
of inheritance. Progeny inherit most, if not all, their 
mtDNA from their female parent, and they are not altered by 
recombination or meitotic segregation (Lansman et al. , 
1981). Explanations for the maternal inheritance of mtDNA 
are that mitochondria, carried in the sperm midpiece, do not 
penetrate the egg at fertilization, or that the sperm 
mitochondria change, so that they cannot be used within the 
egg (Lansman et al., 1983b). This means that individuals 
within a species that are derived from different females, 
are genetically isolated from each other with respect to 
mtDNA, even if they are members of one interbreeding 
population. Thus, all offspring from one female with a 
certain mitochondrial genotype, would form a mtDNA clone, 
all with the same mitochondrial genotype (Upholt and Dawid, 
1977). Many studies were performed to determine the 
maternal inheritance of mtDNA in mice (Ferris et al., 1982; 
Lindahl, 1985; Gyllensten et al., 1985) humans (Giles et 
al . , 19 8 0) , and insects (He l i o th i s Lansman et al . , 19 8 3) . 
Gyllensten et al. (1985) tested the paternal inheritance of 
mtDNA in mice by extensive backcrossing of female 
interspecific hybrids to males of the paternal species. 
From the results obtained, they concluded that the father 
contributes no more than one mtDNA per thousand maternal 







cell hybrids, it was 
which was detectable 
originated from 
in the nucleus 
the parent whose chromosomes were retained 
(de Francesco et al. , 1980). This 
demonstrates that only a single type of mtDNA is retained 
within cell hybrids. Ferris et al. (1982) determined, by 
restriction site mapping, that old inbred mice showed no 
variation in the mtDNA genotypes, and this was due to the 
fact that only one female lineage contributed to the 
formation of all old inbred lines. The maternal inheritance 
of mtDNA was thereby confirmed. 
Evolutionary history of female movement and survival in a 
species can therefore be studied by examining variation of 
the mtDNA. Often the gene flow among populations is due to 
the migration of males, whereas the females remain more 
sedentary, resulting in a highly structured population with 
regard to female transmitted traits, but less differentiated 
with respect to nuclear genes (Lansman et al., 1981). In 
populations of organisms where it is suspected that there is 
an unequal flow of genetic information between sexes, the 
determination of sequence divergence of mtDNA becomes even 




In other studies it was discovered that mtDNA can be 
transferred between species. Spolsky and Uzzell (1984), 
reported that the water frog, Rana ridibunda had two types 
of mtDNA, and the explanation was that an interspecific 
transfer of mtDNA must have occurred from R. lessonae to R. 
ridibunda. In another study, it was revealed that two 
closely related types of mtDNA fromMus domesticus (mouse) 
were found in a different species, M. musculus (Ferris et 
al., 1983a). Both these results are instances where the 
distribution of the mitochondrial genotype does not agree 
with the biological species boundaries. One question 
arising from this is as follows: If the mtDNA can cross 
species boundaries, will it not 
histories of diverging populations? 
obscure evolutionary 
On the other hand, by 
studying the mtDNA, otherwise inaccessible information about 
complex evolutionary processes of closely related species 
can be obtained. These reports are isolated incidents, and 
one possible explanation is that these species could 
actually stem from a single ancestral female. 
3 . 1 . 5 Restriction enzyme analyals of mtDNA 
The mtDNA is a genetic system, well characterised at the 
molecular level. Most of the detailed information about the 
structure, function, replication, transcription, and the 
genetic code of the mtDNA was, however, obtained through 
sequencing of the total mitochondrial genome. To obtain the 
total mtDNA sequence is a tedious and expensive task, and 
from a population geneticist's point of view, not feasible, 
as the aim is to examine a large number of individuals for 
mtDNA sequence polymorphisms. This is made possible through 
the use of restriction endonucleases, which cleave the DNA 
within or near their specific recognition sequences by 
breaking two phosphodiester bonds, one in each strand of 
DNA. The number of cleavage sites will differ from one DNA 
molecule to another, depending on the amount of sequence 
divergence between the DNAs. The fragments of DNA, created 
by these restriction endonucleases, can then be separated by 
gel electrophoresis on the basis of their molecular weight. 
In a typical population study, mtDNA from one individual is 
digested with a range of different restriction enzymes. 
Sequence divergence is then estimated by analysis of the 
number of restriction fragments, or restriction sites, 
shared between two DNAs. The restriction sites must be 
mapped, or the fragment changes must be sufficiently simple, 
to be interpreted in terms of specific site changes. 
Frequently, it is impractical to map specific sites, and in 
that case, comparisons may be based on the number of 
fragments shared between the two DNAs. 
One assumption made in mtDNA sequence divergence studies, is 
that restriction site changes arise by single base pair 
substitutions, and not by rearrangements (inversions or 
transpositions), deletions, additions, or gross 
organizational changes. 
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Another assumption generally made is that variation in 
restriction patterns of mtDNA is due to differences in the 
sequence rather than in the methylation of the mtDNA. By 
sequencing a small restriction fragment with a variant 
restriction site, Castora et al. (1980) showed that the 
variation was, in fact, due to change of a nucleotide rather 
than due to methylation of the DNA. 
It must also be assumed that recognition sequences occur 
with a distribution and frequency close to that expected in 
a random sequence of the same base composition (Upholt, 
1977). The assumption 
construct phylogenetic 
tested by Adams et al. 
of randomness, which is required to 
trees from restriction data, was 
(1982). They found that only a 
limited number of enzymes cleave human mtDNA randomly in all 
respects (Acy I, BbvI, Bel I, Bgl I, Hae II, Hind III and SphI). 
Unequal rates of nucleotide substitution among different 
nucleotides, rather than the deviation of the GC content, is 
another important factor causing bias in an estimate (Tajima 
and Nei, 1982; Aoki et al., 1981). The bias is generally 
larger for four-base enzymes than for six-base enzymes. The 
problem can be overcome, to a certain extent, by using a 
large number of restriction enzymes to study DNA divergence. 
It is concluded that estimates of phylogenetic 
relationships, using restriction data, are biased, depending 
on the genomes under study, the distribution of restriction 
sites, and the enzymes chosen. 
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Another source of error in restriction enzyme analysis, is 
that one cannot differentiate between two different 
fragments that comigrate. In addition, very small 
fragments are normally ignored, because they are not easily 
observed by gel electrophoresis. 
Avise et al. (1979a) compared protein electrophoresis with 
mtDNA restriction analyses in the pocket gopher, Geomys 
pi net is, to evaluate the mtDNA approach. Their study 
demonstrated that mtDNA restriction analysis alone or 
together with protein electrophoresis is an excellent means 
to study related populations, and that mtDNA may give more 
information on variation within populations than can be 
obtained by protein electrophoresis alone. 
3. 1 . 8 Mitochondrial DNA 11 a Genetic system for 
Evolutionary atudlee 
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In a recent review, Avise (1986) discusses the use of mtDNA 
genotypes as markers of evolutionary phenomena such as 
genetic structure 
zoogeography. 
of populations, dispersal, and historical 
One of the applications of the mtDNA 
restriction analysis is to estimate phylogenetic 
relationships among very closely related species. One area 
of great interest is to resolve the exact branching point 
between humans and apes, and to investigate the evolution, 
and recent history of humans (Brown and Vinograd, 1974; 
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Potter et al., 1975; Brown, 1980; Ferris et al., 1981a, 
1981b; Templeton, 1983; Johnson et al. , 1983; Avise et a I. , 
1984; Nei and Tajima, 1985; Avise, 1986). To date, many 
other studies using mtDNA restriction analysis have been 
performed on mammals such as the pocket gopher, Geomys 
pi net is, (Avise et al., 1979a), the deer mouse, Peromyscus 
manicu/atus, (Avise et al., 1979b; Lansman et al., 1983b), 
mice, Mus musculus, (Yonekawa, 1981), and rats, (Brown and 
Simpson, 1981; Kessler and Avise, 1985a). Some phylogenetic 
studies using mtDNA also involved Drosophila (de Salle et 
al., 1986a, 1986b; Solinac et al., 1986); and birds (Glaus, 
1980; Kessler and Avise, 1985b; Mack et al., 1986). 
Only a few related species of fish have been examined. In 
one such study, the gene flow between skipjack tuna from the 
Atlantic and Pacific oceans, was determined ( Graves et a I . , 
1984). Skipjack tuna from the two oceans did not show a 
high degree of differentiation in their mtDNA restriction 
patterns, suggesting that there must have been a continued 
genetic contact between the two groups since the uplift of 
the Panama land bridge, 3.1 million years ago. 
Avise and Saunders (1984) used mtDNA markers to study 
hybridisation and introgression among five sympatric species 
of sunfish (Lepomis ), which are known to produce hybrids. 
They found that the mtDNA is a good means by which to detect 
hybrids produced by rare instances of backcrossing, in which 
a hybrid was fertilized by either of its parental strains. 
One mitochondrial phenotype may replace another by a small 
amount of gene flow between species, but only a small amount 
of selection against the immigrant mitochondrial phenotype 
is sufficient to prevent its establishment. No evidence of 
introgression between species of Lepomis could be detected 
by mtDNA analysis, but it was successfully used to determine 
the parentage of Fl hybrids (Avise and Saunders, 1984). 
Bermingham and 
polymorphisms 
Avise (1986a) used restriction length 
in mtDNA to reconstruct evolutionary 
relationships in populations of four freshwater fishAmia 
calva, Lepomis punctatus, L. gulosus, and L. microlophus and 
they estimated the divergence times between these species. 
They found extensive mtDNA polymorphisms within each species 
and they also reported that mtDNA clones that were closely 
related were also geographically contiguous. 
Gyllensten and Wilson 




detect intra- and 
interspecific variability, and Gyllensten et al. 
mtDNA analysis and protein electrophoresis 
(1985) used 
to study 
secondary contact of two species of cutthroat trout which 
occur in western North America. Their results showed that 
secondary contact resulted in a randomly mating hybrid 
swarm. 
Berg and Ferris (1984) used restriction enzyme analysis to 
examine systematic relationships within the Salmonidae at 
three taxonomic levels: tribe, genus and subgenus. They 
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conclude that this method is ideal to identify stocks of 




spawning stocks of 
Clupea harengus, using restriction 
Based on tagging experiments, it has 
investigated the 
Atlantic herring, 
analysis of mtDNA. 
been accepted that 
herring stocks return to specific spawning sites (Kornfield 
and Bogdanowicz, 1987). Restriction enzyme analysis of the 
mtDNA, however, revealed that 65% of all the individuals 
shared the same composite genotype and this implied that no 
discrete herring stocks exist throughout the Gulf of Maine. 
3 . 1 . 7 Objective of this study 
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At present, several approaches to the use of mtDNA 
restriction analysis are in general use. The previous 
review shows that mtDNA polymorphism is an excellent means 
to study evolutionary phenomena in populations, especially 
to estimate the phylogenetic relationships among closely 
related species and to determine geographic variation within 
species. 
In this part of the study, restriction fragment analysis has 
been used to estimate the nucleotide sequence divergence 
between two species of hake, Merluccius capensis and M. 
paradoxus, occurring along the coasts of southern Africa. 
The data generated in this study were also used to search 
for possible genetic differences between regional 
populations. 
At the same time, the restriction fragment data obtained was 
compared to the allozyme data, to determine the correlation 
between these sets of data. 
Another objective was to determine whether it would be 
feasible to use this method for future, routine stock 
assessments of fish. 
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3.2 MATERIALS AND METHODS 
3 . 2 . 1 Sample collect Ion 
Initially, samples from both M. capens is and M. paradoxus 
were collected on board the research vessel S. A. Africana. 
Samples of both species were collected along the South Coast 
of South Africa. Mitochondria were isolated after 
collection from fresh livers kept on ice, following the 
method of Powell and Zungia (1983). Isolated mitochondria 
were stored at -20°C until further analysis in the 
laboratory. Later on in the study, mtDNA was extracted on 
board and then transported in 95% ethanol (EtOH) to the 
laboratory, where the extraction was completed. All the 
initial studies on the mtDNA were done using these extracts. 
The yield in these samples, however, was very low and only a 
few digestions could be made with mtDNA from a single 
individual. 
Later in the study, the method for rapid isolation of mtDNA 
from fish by Chapman and Powers (1985) was used. Samples 
were obtained from commercial trawlers, where whole fish 
were stored on ice soon after they were caught; catch 
positions were also recorded by the trawler crew (Table 
3.2.1; Fig. 3.2.1). Generally, only fish caught in the last 
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Location of hake samples used for mtDNA analysis. Closed 
circles represent samples of Merluccius capensis 
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than 24 hours before mitochondria were extracted. 
method proved to be simpler, much more rapid, and 
more DNA. 




It is important to select the best tissue for the isolation 
of mtDNA, as the aim is to obtain the highest yield of mtDNA 
with as little as possible contamination by nuclear DNA. 
For this reason, the ratio of mtDNA to nuclear DNA is 
important. In mature oocytes the ratio of mtDNA to nuclear 
DNA is 300:1 w/w (Chapman and Powers, 1985). 
Another important factor influencing mtDNA extraction, is 
the ease of homogenization of the tissue. By choosing 
tissue that can be homogenized easily, the chances of 
fracturing nuclei during the process are reduced (Chapman 
and Powers, 1985). Again, mature oocytes proved to be the 
best material. 
The tissue selected must be available in large quantities; 
during the spawning season, ovaries frequently outweigh all 
other tissues except muscle. All samples were collected 
from November to January, during the spawning season of 
hake. Another advantage of ripe ovaries, is that they have 
a low glycogen content. 
Outside of the spawning season, the best tissue to use is 
liver as it is easily homogenized, and the ratio of mtDNA to 
nuclear DNA is higher than in other tissues, except gills. 
Liver has a high glycogen content which interferes with 
further isolation steps (Chapman and Powers, 1985). 
Ripe ovaries can be kept on ice for up to two weeks before 
mitochondria are isolated, which is very useful, as it is 
often impossible to obtain samples from distant locations 
within a few days. Liver tissue, on the other hand, can 
only be kept on ice for up to two days (Chapman and Powers, 
1985). 
During the study, the majority of mtDNA samples were 
isolated from mature ovaries (Table 3.2.1). The ovaries of 
samples 19-26 and 47-50 were obtained from the S. A. 
Africana, after they had been kept on ice for one week. 
3.2.3 Tissue Homogenlzat Ion. 
Tissue homogenization is an important step in the isolation 
of mtDNA. In the initial mtDNA isolations, a hand glass 
homogenizer with a glass plunger was used. This method was 
time consuming and it was difficult to keep the homogenate 
cool. The advantage was that the cells were broken 
efficiently without lysing the nuclei. 
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Later, an Ultra-Turrax Type TP 18/10 was used for 
homogenization. The optimal time and speed were determined 
by homogenizing liver tissues at varying speeds for 
different lengths of time and by viewing the homogenate 
under a microscope. Homogenizing liver tissue for 3 to 5 
seconds at top speed showed the best results, where most 
cells were broken, but 
volumes larger than 40 
the nuclei were still intact. When 
ml were used, this method of 
homogenization was not very efficient. This step proved to 
have the largest yield loss. Intact eggs could be seen, but 
further homogenization with the Ultra-Turrax resulted in 
breaking of the nuclei. 
3.2.4 Mitochondria! DNA laolatlon 
This method was adapted from Chapman and Powers (1985). Ten 
to 50 g of mature oocytes or liver, were homogenized in 5 
volumes of TEK buffer (Appendix) with the Ultraturrax for up 
to 20 seconds. Samples were homogenized in 200ml Sorvall 
GSA rotor centrifuge tubes kept on ice. When smaller 
volumes were used, the samples were homogenized in 40ml 







Care was taken to let a 
two solutions. The 
homogenate was then centrifuged at 1000g for 10 min at 4°C. 
The supernatant was drawn off, and the above step was 
repeated. After the second low speed spin, the supernatant 
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was drawn off and mitochondria were pelleted by 
centrifugation at 18000g for lh. The supernatant was drawn 
off and discarded, leaving behind a dense, clear glycogen 
layer overlayed with a loose mitochondrial pellet. The 
mitochondrial pellet was drawn off, leaving behind the clear 
pellet, and was resuspended in 20 ml TEK-buffer and again 
centrifuged at 18000g for lh at 4°C. If a clear glycogen 
pellet was still present, the mitochondria were pelleted a 
third time. After the last centrifugation, the mitochondria 
were resuspended in 0.9 ml TEK-buffer per 25g starting 
tissue. By adding 0.1 ml 10% non-idet-TEK solution, the 
suspension was made 1% non-idet. The suspension was left to 
stand for 5-10 min, to insure that all mitochondria were 
lysed. The suspension was then centrifuged for 10 min at 
12000g to remove debris. Non-idet\P40 is an anionic 
detergent that lyses all membranes, except nuclear 
membranes, therefore, 
during the last step 
any persistent nuclei were removed 
(Chapman and Powers, 1985). The 
supernatant was drawn off and mixed with an equal volume of 
TE saturated phenol, to precipitate proteins. Tubes were 
shaken thoroughly, allowed to stand for 5 min, and 
centrifuged at 12000g for 10 min. The upper aqueous phase 
was drawn off and reextracted with phenol. The phenol 
extraction was repeated a third time, if the aqueous phase 
was opaque after the second extraction. After the last 
extraction, the residual phenol 
the aqueous phase with a 24 
was removed by extracting 
1, chloroform iso-amyl 
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alcohol solution, which also removes residual protein. The 
upper aqueous phase was drawn off and was mixed with two 
volumes of cold 95% EtOH. The DNA was then precipitated by 
placing the samples at -20°C for at least two hours. Often, 
the mtDNA was stored in this state for up to three weeks. 
The DNA was then pelleted by centrifugation at 12000g for 10 
min at 4°C. The ethanol was decanted and the pellets were 
dried at 37°C. Care was taken not to overdry the samples as 
this makes re-dissolving very difficult. The samples were 
then re-dissolved in approximately 1ml of TE buffer 
(Appendix). At this stage, the mtDNA could be stored at 4°C 
for three months or longer, without apparent loss of 
material. These mtDNA samples were subsequently used for 
digestion with restriction enzymes. 
3.2.5 Restriction endonuclease Digestion 
Portions of the extracted mtDNA from each individual were 
digested with one 5-base recognition site restriction 
and ten 6-base restriction endonucleases, 
Eco RI, HindIII, Kpn I, Pst I, Pvu II, Sac I, Xba I, 
Only a few samples from each species were 
enzyme, Ava I, 
BamHI, Bgl I, 
and Xho I. 
digested with Bgl II, Cl a I, Hin fI, Hpa II, Sal I, Sma I, and 
Stu I. The conditions used for digestion were recommended by 
the manufactures of the enzymes (Amersham Ltd., Anglian 
Biotechnology Ltd., and Boehringer Mannheim Ltd.). Before 
digesting the DNA, samples were electrophoresed on an 
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agarose minigel to determine the concentration of the DNA. 
The mtDNA of each individual was then diluted accordingly. 
The final concentration of the rntDNA was such that only 3µQ 
were used per digestion. 
DNAse free RNAse (Appendix) was added to each digestion at a 
concentration of 4µg/ml together with the restriction 
enzyme. This step reduced the background of low molecular 
weight RNA's, allowing much better resolution of the low 
molecular weight mtDNA fragments. 
Digests were incubated for a minimum of four hours at 
temperatures recommended by the manufacturer. Some digests 
were left to incubate overnight to ensure complete 
digestion. The total digestion volume was then endlabeled 
with a 32P or loaded directly onto an agarose gel. 
3.2.6 Agarose Gel Electrophoresla 
The mtDNA fragments were separated on 0.7 to 1.0% agarose 
gels, depending on expected fragment sizes, determined by 
pilot digestions. The gels were electrophoresed with 
Ethidium Bromide (EtBr, see Appendix) added to the agarose 
at a concentration of 0.5 µg/ml, which enables one to 
distinguish between circular covalently closed DNA (cccDNA), 
nicked circular DNA, and linear DNA molecules, with the 
cccDNA having the fastest mobility. 
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Lambda phage DNA, digested withHindIII or a mixture of 
HindIII and EcoRI, was run on each gel and used to estimate 
sizes of the mtDNA fragments. Fragments with similar 
mobilities between 
borate EDTA (TBE, 
electrophoresis and 
overnight. 
genotypes were run side by side. 
see Appendix) buffer was used 
the gels were usually run at 
After electrophoresis, the 
visualised by putting the 
DNA fragments 










transilluminator. Photographs were taken with a Polaroid 
camera Cu 5 using polaroid film type 667 or type 55. The 
type 667 film was exposed from 1 to 8 seconds whereas the 
type-55 film was exposed for 4 to 10 min. The latter film 
provided a negative for later use. In addition, a Kodak 23A 
orange filter, which absorbed all wavelengths above 500nm 
was used. EtBr bound to DNA flouresces below 500 nm, 
therefore the filter reduced the flourescent background 
caused by unbound EtBr in the gel (Chapman and Powers, 
1985). 
3.2.7 End label I Ing Procedure 
Ten nanograms of mtDNA was digested with a restriction 
enzyme. In a 
Polymerase I 
HindIII buffer 
separate tube, lµt (10 µCi) of a 32P dCTP, 2µQ 
large fragment (or Klenow), and lµQ of lOx 
(Appendix) were mixed. One µQ of this 
solution, and 1 µQ of a mixture of d.ATP, dGTP, and dTTP, 
(0.5 mM), were added to each tube containing digested mtDNA. 
This solution was mixed by pipetting it up and down, and the 
mixture was incubated on ice for 30 min. 
Two µQ of tracking dye was added to each digestion, and they 
were then electrophoresed on agarose gels. After 
electrophoresis the anodal end of the gel, which contained 
most of the unincorporated dCTP, was cut off. The gel was 
washed in water, blotted dry, placed onto 2 to 4 pieces of 
3MM Whatman filterpaper, and dried for 2 hours using a 
vacuum gel dryer at 40°c. 
The dried gel was placed into an X-ray cassette fitted with 
an intensifying screen, and a sheet of X-ray film (Kodak 
XAR5 or Chronex 4) was placed on top. When cooled to -70°C, 
the film could be developed after 3 hours. When the 
cassette was left at room temperature, the film was 
developed after an overnight exposure. 
3.2.8 Data Analysls and Interpretations 
One approach to the data analysis, was to consider the 
-entire mtDNA digestion profile produced by each restriction 
enzyme for each individual as a quantitative genotype. Each 
individual organism was characterised by a composite 
genotype, which consisted of eleven different genotypes 
produced by each of the eleven restriction enzymes used in 
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this study. Hake sharing a given composite genotype, belong 
to the same mtDNA clone. 
For each pair of individuals with a different mtDNA 
genotype, relative genetic similarity was calculated from 
the proportions of fragments shared in their mtDNA digestion 
profiles. Total proportions of shared fragments across all 
digestions were calculated by: 
F='Zvxy /(Nx - Ny) 
where Nx and Ny are the numbers of fragments in genotype X 
and Y , respectively, and Nx y is the number of fragments 
shared between genotypes (Nei and Li, 1979). 
This F value was then used to estimate p , the number of base 
substitutions per nucleotide, or the nucleotide sequence 
divergence, using Upholt's (1977) formula: 
p = 1 - [ -F + (F 2 + BF ) i / 2 ] i /n 
2 
where n is the number of base pairs recognised by each 
restriction enzyme. We used ten restriction enzymes with 
recognition sequences of six bp and one enzyme (Aval) with a 
five bp recognition site. 
Since the variance of p value is large when n is small, it 
is important to use many different restriction enzymes to 
increase the reliability of p (Nei and Li, 1979). 
When enzymes with the same n value were used, Nx, Ny, and 
Nxy were the numbers of unshared and shared fragments over 
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all restriction enzymes, but when enzymes with different n 
values were used, p was estimated for each n group. An 
average p was calculated by weighting the various p 's with 
the number of nucleotide sites detected by each group of 
restriction enzymes. 
Restriction enzymes recognizing a four bp sequence produce 
100 to 150 bp fragments of mtDNA and are difficult to detect 
by normal agarose electrophoresis. An increase in the total 
number of fragments per digest, also increases the 
probability of scoring two non-homologous fragments as 
identical (Lansman et al., 1981). Therefore, only five- or 
six-cutters were used for this study. 
3 . 2 . 8 . 1 Expected number of fragments 
The expected number of fragments in a mtDNA digest was 
calculated according to Nei and Li (1979). 
a = (g I 2 t 1 x [ ( 1-g ) / 2 y 2 
If nucleotides are distributed randomly in the mtDNA, then 
the above formula holds true. Here, r is the number of 
nucleotide pairs in the restriction site, r 1, the number of 
guanines (G) plus cytosines (C), and , 2, the number of 
thymines (T) plus adenines (A), so that r = r 1 +, 2. The GC 
content is shown in the g value. 
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The expected frequency of a restriction site is then 
converted to expected total number of restriction sites by 
mra. Wheremr is the size of the mtDNA in base pairs. 
3.2.9 GC (Guanine+ Cytosine) content 
determination 
The GC content for both species of hake mtDNA was determined 
by R. Kirby. The mtDNA was run on an isopycnic gradient for 
24 hours at 36,000g using the model E Beckman analytical 
ultracentrifuge, with CsCl starting density of 1.710 g/cm 3 • 
Two DNA molecules with known GC contents were run at the 
same time, as standards. In this study DNA fromC/ostridium 
acetobutylicum, with a GC content of 28%, and Streptomyces 
cattleya DNA, with a GC content of 73%, were used to 
calibrate the gradient. The density of the mtDNA was then 
estimated from the position of the mtDNA in the gradient, 
relative to the other two DNA's. 
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3.3 RESULTS 
3 . 3 . 1 Gel electrophoreal1 
Agarose gels of 0.8% concentration were used, which gave 
adequate resolution of fragment sizes up to 400 bp, using 
normal EtBr staining procedures. 
The mtDNA of both species of hake, was digested with eleven 
restriction endonucleases. Endlabelling with a 32P was used 
for four of the restriction enzymes: Ava I, BamHI, Xba I, and 
XhoI, but this only improved resolution significantly for 
Av a I digests. 
3.3.2 Size and GC content of mtDNA 
The length of the hake mtDNAs was determined by digesting 
the mtDNA with eleven different restriction enzymes, which 
each cut the mtDNA at least once. The sizes obtained across 
all digestions were averaged, and it was found that the 
mtDNA of M. capensis was 16.954 +512 bp and the size of the 
M. paradoxus mtDNA was 16.693 +405 bp. Fragment sizes are 
presented in Table 3.3.1. 
The GC content of the mtDNA of both M. capens is and M. 
paradoxus was determined using an isopycnic gradient. The 
estimated GC content of M. capensis mtDNA was 47.0% (+2%) 
and that of M. par ado x us was 4 5 . 5 % ( ±. 2 % ) • 
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Tab I e 3 . 3 . 1 (continued) 
Pvu II Sac I Xba I Xho I 
A:10000 ( 1 ) A:12900 ( 1 ) A:10000 ( 2 ) A:11400 ( 1 ) 
B:9600 ( 2 ) B:8700 ( 1 ) B:7500 ( 1 ) B:11000 ( 2 ) 
C:3000 ( 1 , 2 ) C:8630 ( 2 ) C:7100 ( 1 ) C:5100 ( 1 ) 
D:2100 ( 2 ) D:3820 ( 2 ) D:6900 ( 1 ) D:5000 ( 2 ) 
E:2000 (1,2) E:3780 ( 1 ) E:6000 ( 2 ) E:4700 ( 1 ) 
F:1900 ( 1 ) F:3750 ( 1 , 2 ) F:5800 ( 1 ) F:4500 ( 1 ) 
G:3700 ( 1 ) G:2800 ( 1 ) 
H:3600 ( 2 ) H:600 ( 1 , 2 ) 
I:3450 ( 2 ) 
J:700 ( 2 ) 
K:600 ( 1 ) 
L:550 ( 2 ) 
M:500 ( 1 ) 
N:400 ( 1 ) 
0:150 ( 2 ) 
3.3.3 Expected and Observed number of Fragments 
The expected and observed number of restriction sites for 
all the enzymes used in this study are presented in Table 
3.3.2. The expected number of fragments, when using a six-
bp restriction enzyme, varied from 3-4 forM. capensis and 
3-5 for M. paradoxus. The expected number of fragments was 
constant for the six-bp cutters, as all the enzymes used in 
this study had recognition sites with either 2 or 4 GC 
molecules in the site, and the GC content of each 
restriction site is the 
The observed number of 
only variable in the formula used. 
restriction sites for these 6-bp 
restriction enzymes, was normally within the range of the 
expected number of restriction sites. Similarly, it was 
found that the expected number of restriction sites for the 
5-bp restriction enzyme, Ava I, corresponded to the number of 
restriction sites observed. These results show that the 
interpretation of the digestion profiles was correct, as no 
unexpected number of restriction sites was reported. 
3.3.4 Description of the Restriction Prof I lea 
Fragment sizes are presented in Table 3.3.1, and the 
digestion patterns found for each individual are presented 
in Table 3.3.3, where an A in Table 3.3.3 refers to the 
fragment size A listed in Table 3.3.1. 
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Table 3,3,2 
Expected and observed number of fragments produced by each enzyme 
when mtDNA of M. capens is and M. paradoxus was cut. 




















































The observed restriction endonuclease patterns of the mtDNAs 
from the two species are also presented in Fig. 3.3.1. The 
following conventions were used to label the various 
fragment genotypes. The most common genotype in M. 
capensis was designated by the letter 11 A11 , and variant 
genotypes were II B 11 , 11 C", "D", etc. , including the genotypes 
in M. paradoxus , Identification of mutational transitions 
from one genotype to another was attempted, by examining the 
sizes of the restriction fragments. Genotypes that differed 
by one restriction endonuclease 







indicated a loss of that restriction site. This direction 
does not imply evolutionary direction. Transitions 
involving a minimum of two steps, were designated by a line, 
with two hatch marks, connecting two genotypes. Unconnected 
genotypes represented transitions involving 3 or more 
mutation events. An insertion was represented by a line 
with a plus sign and a deletion was represented by a line 
with a minus sign. 
The following section contains a brief description of the 




Sizes (bp) of fragments produced by digestion of the mtDNA 
of Merluccius capcnsis andMerluccius paradoxus. 
The size of the mtDNA of M. capensis was 16,954 +512 bp, 
andM. paradoxus mtDNA was 16,693 =405 bp. 
The number in parenthesis indicates the species in which the 
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Figure 3.3.1 
Diagrammatic representation of restriction endonuclease 
digests of hake mtDNA. C stands forMerluccius capensis and 
P for Merluccius paradoxus. Mutational transitions were 
identified and indicated by an arrow. The direction of the 
arrow indicated a loss of a restriction site, but does not 
imply the direction of evolution. A double hash mark 
indicates that a minimum of two mutational steps connect the 
genotypes. Unconnected letters differed by 3 or more 
mutational events. Additions of base pairs are indicated by 

















































































































































































































































































































All the fragments detected for each individual fromMerluccius 
capensis andM. paradoxus, using eleven different restriction 
enzymes. All the letters typed in bold indicate that the 
fragments were not observed on the gels, but it was assumed that 
they have the same pattern as the most common genotype. All the 
letters underlined indicate genotypes that are different to the 
most common genotype. 
Tab I e 3 . 3 . 3 (continued) 
Merluccius capensis 
No Kpn I Ps t I Pvu II Sac I Xba I Xho I 
1 A A ACEF BEFKMN BFGH AC 
2 A A ACEF BEFKMN CFGH AE 
3 CD A ACEF BFGKMN CFGH AE 
4 A A ACEF BFGKMN BFGH AC 
5 A A ACEF BFGKMN DFGH AF 
6 A A ACEF BEFKMN BFGH AC 
7 A A ACEF BEFKMN CFGH AE 
8 A A ACEF BEFKMN CFGH AE 
9 A A ACEF BEFKMN CFGH AE 
10 A A ACEF BEFKMN CFGH AE 
11 A A ACEF BEFKMN CFGH AE 
12 CD A ACEF BEFKMN DFGH AF 
13 A A ACEF BEFKMN BFGH AC 
14 A A ACEF BEFKMN CFGH AE 
15 CD A ACEF BFGKMN BFGH AC 
16 A A ACEF BEFKMN CFGH AE 
17 CD A ACEF BEFKMN CFGH AE 
18 A A ACEF BEFKMN DFGH AF 
19 A A ACEF BEFKMN CFGH AE 
20 A A ACEF BEFKMN CFGH AE 
21 A A ACEF BEFKMN CFGH AE 
22 A A ACEF BEFKMN CFGH AE 
23 A A ACEF BEFKMN BFGH AC 
24 A A ACEF BEFKMN CFGH AE 
25 A A ACEF BEFKMN CFGH AE 
26 A A ACEF AD CFGH AE 
Table 3.3.3 (continued) 
Merluccius paradoxus 
No Ava I BamHI Bg l I Eco RI Hin dIII 
27 CDFGHKPQRST BC BCFIJ A AD 
28 CDFGHKPQRST BC BCFIJ CD AD 
29 CDFGHKPQRST BC BCFIJ CD AD 
30 CDFGHKPQRST BC BCFIJ A AD 
31 CDFGHKPQRST BC BCFIJ A AD 
32 CDFGHKPQRST BC BCFIJ A AD 
33 CDFGHKPQRST BC BCFIJ CD AD 
34 CDFGHKPQRST BC BCFIJ A AD 
35 CDFGHKPQRST BC BCFIJ CD AD 
36 CDFGHKPQRST BC BCFIJ CD AD 
37 CDFGHKPQRST BC BCFIJ CD AD 
38 CDFGHKPQRST BC BCFIJ CD AD 
39 CDFGHKPQRST BC BCFIJ A AD 
40 CDFGHKPQRST BC BCFIJ A AD 
41 CDFGHKPQRST BC BCFIJ A AD 
42 CDFGHKPQRST BC BCFIJ A AD 
43 CDFGHKPQRST BC BCFIJ A AD 
44 CDFGHKPQRST BC BCFIJ A AD 
45 CDFGHKPQRST BC BCFIJ A AD 
46 CDFGHKPQRST BC BCFIJ A AD 
47 CDFGHKPQRST BC BCFIJ A AD 
48 CDFGHKPQRST BC BCFIJ A AD 
49 CDFGHKPQRST BC BCFIJ A AD 
50 CDFGHKPQRST BC BCFIJ A AD 
Table 3.3.3 (continued) 
Merluccius paradoxus 
No Kpn I Ps t I Pvu II Sac I Xba I Xho I 
27 BE BC BCDE CDFO AEH BD 
28 BE BC BCDE CDHLO AEH BD 
29 A BC BCDE CDHLO AEH BD 
30 A BC BCDE CDHLO AEH BD 
31 A BC BCDE CDHLO AEH BD 
32 A BC BCDE CDHLO AEH BD 
33 A BC BCDE CDHLO AEH BD 
34 A BC BCDE CDHLO AEH BD 
35 A BC BCDE CDHLO AEH BD 
36 BE BC BCDE CDHLO AEH BD 
37 BE BC BCDE CDHLO AEH BD 
38 A BC BCDE CDHLO AEH BD 
39 A BC BCDE CDHLO AEH BD 
40 A BC BCDE CDHLO AEH BD 
41 A BC BCDE CDHLO AEH BD 
42 A BC BCDE CDHLO AEH BD 
43 A BC BCDE CDHLO AEH BD 
44 A BC BCDE CDHLO AEH BD 
45 A BC BCDE CDHLO AEH BD 
46 A BC BCDE CDHLO AEH BD 
47 A BC BCDE CDFO AEH BD 
48 A BC BCDE CDFO AEH BD 
49 A BC BCDE CDHLO AEH BD 
50 A BC BCDE CDIJO AEH BD 
3. 3. 4. 1 Digest Ion prof I lea 
A few mtDNAs from both M. capens is and M. paradoxus were 
digested with the following enzymes: B c I I, Bg I I, CI a I, 
Hi nf I, Hpa II, Sac I, and Sma I. These enzymes were not used 
for routine analysis. The enzymes Bg I II, and CI a I had no 
restriction sites on both M. capens is and M. paradoxus 
mtDNA, whereas Sal I had one restriction 
three restriction sites were observed for 
site. At 
Sma I, but 
least 
this 
enzyme was not used for routine analysis because of its high 
cost. 
The two four-base pair restriction enzymes, Hpa II and Hi nf I, 
cut the mtDNA from both species of hake into fragments 
smaller than 2.0 kb, making it not feasible to use these 
enzymes in routine analysis. 
The mtDNA from both species of hake was cut by Bel I into a 
few fragments, but mostly only partial digestions were 
obtained. Description of the restriction profiles, of the 
enzymes used routinely in this study, follow. Determination 
of the mutational events leading from one genotype to 
another, was also attempted. This, however, does not imply 
the evolutionary direction of the mutational events. 
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3.3.4.2 Aval 
This enzyme cut the mtDNA of M. capensis into ten fragments. 
Endlabelling with a 32P was used to visualise fragments in 
the gels, as only the first six bands (up to 900bp) could be 
seen when normal EtBr staining techniques were used. 
Four different 





genotypes were observed for M. 
Av a I . Genotype II B 11 ( sample 3 ) had 
of 950 and 850 bp, which did not occur in 
This could be explained by assuming that the genotype 
1,600 bp fragment, present in the most common pattern, 
represented two bands superimposed upon one another. The 
1,600 bp fragment of the most common genotype was a bright, 
broad band whereas in the variant genotype it was a band of 
average intensity, indicating that only one of the 1,600 bp 
bands was present in the 11 B" 
fragments of 850 bp and the 
genotype. Two additional 
950 bp in the "B 11 genotype, 
could be explained by an addition of a restriction site in 
one of the 1,600 bp fragments. The size variation observed 
is within the error range. This indicates that one of the 
1,600 bp fragments in the most common restriction pattern 
has lost one Ava I site to give rise to genotype 11 B11 • 
The other variant genotype ("C") 
This individual had additional 
was found in sample 
1,180 bp and 850 
4. 
bp 
fragments. The fragment of 1,180 bp must have arisen from 
an additional restriction site in one of the 1,600 bp 
fragments, creating a 1,180 and a 420 bp fragment. No 420 
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bp fragment was detected in the variant pattern, but a 850 
bp fragment was observed. The "C" genotype could have arisen 
by an insertion of +200 bp into the 950 bp fragment of the 
"B" genotype. This would give rise to the 1,180 and 850 bp 
fragments. This insertion is confirmed by looking at the 
restriction pattern of the enzymes Xba I and Xho I, of the 
same individual. The insertion is further discussed when 
describing the composite genotypes and the fragment patterns 
of the enzymes Xba I and Xho I. 
A third variant genotype, "D", was found in the same area on 
the mtDNA in samples 10 and 11. These samples had an 
additional 850 bp band. The most common genotype must have 
gained one or more restriction sites to give rise to the 850 
bp fragment and smaller fragments, which were not detected 
in the "D" fragment pattern as they will migrate with the 
other small fragments. 
The results show that the area around the 900 bp fragment in 
M. capensis mtDNA is more variable than the rest of the 
mtDNA. Usually non-conserved areas do not code for any 
functional proteins or RNA species. Mutations giving rise 
to new restriction sites take place frequently in these 
areas. This indicates that the variable region is most 
likely situated in the D-loop area. 
The mtDNA of M. paradoxus had eleven Ava I restriction sites, 
giving rise to eleven fragments. No variant genotypes were 
detected.withinM. paradoxus. 
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Three fragments, 700, 500, and 400 bp in length, were shared 
between the two species. Since these three fragments were 
also present in the variant genotypes found inM. capensis, 
it was assumed that these restriction sites fall into 
conserved areas. 
3.3.4.3 BamHI 
The enzyme BamHI cut the mtDNA of M. capensis only once. 
All samples were initially endlabelled after digesting with 
BamHI, and bands could be seen on X-ray films, showing that 
the mtDNA must have one restriction site, as only cut DNA 
can be endlabelled. All the individuals showed only one 
restriction site. 
There were two BamHI restriction sites in the mtDNA of M. 
paradoxus. All individuals screened showed the same 
digestion pattern (Fig. 3.3.2). 
The two species do not share any restriction fragments for 
BamHI. The transition from theM. capensis genotype to the 
M. paradoxus genotype could be explained by a loss of a 
BamHI restriction site in theM. capensis mtDNA. 
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Table 3.3.3 (continued) 
Merluccius capensis 
No Ava I BamHI Bg l I Eco RI Hin dIII 
1 ABEIJJNRSTU A ADGH A BC 
2 ABEIJJNRSTU A ADGH A BC 
3 ABEIJMNORSTU A ADGH BE BC 
4 ABEIJLNORSTU A ADGH A BC 
5 ABEIJJNRSTU A ADGH BE BC 
6 ABEIJJNRSTU A ADGH BE BC 
7 ABEIJJNRSTU A ADGH BE BC 
8 ABEIJJNRSTU A ADGH BE BC 
9 ABEIJJNRSTU A ADGH A BC 
10 ABEIJNORSTU A ADGH BE BC 
11 ABEIJNORSTU A ADGH BE BC 
12 ABEIJJNRSTU A ADGH BE BC 
13 ABEIJJNRSTU A ADE BE BC 
14 ABEIJJNRSTU A ADGH A BC 
15 ABEIJJNRSTU A ADGH BE BC 
16 ABEIJJNRSTU A ADGH A BC 
17 ABEIJJNRSTU A ADGH A BC 
18 ABEIJJNRSTU A ADGH A BC 
19 ABEIJJNRSTU A ADGH A BC 
20 ABEIJJNRSTU A ADGH BE BC 
21 ABEIJJNRSTU A ADGH BE BC 
22 ABEIJJNRSTU A ADGH BE BC 
23 ABEIJJNRSTU A ADGH BE BC 
24 ABEIJJNRSTU A ADGH A BC 
25 ABEIJJNRSTU A ADGH BE BC 
26 ABEIJJNRSTU A ADGH BE BC 
Figure 3.3.2 
Mitochondrial DNA of Merluccius paradoxus (P, lanes 1-3) and 
Merluccius capensis (C, lanes 4 and 5) digested with the 
restriction enzyme BamHI. Lane 6 contains phage lambda DNA 








3.3.4.4 Bg I I 
The mtDNA of M. capensis gave rise to four fragments when 
cut with Bgl I. The bands were easily measured and had sizes 
which could be resolved with little error by using 0,8% 
agarose gels. Only one individual with a different fragment 
pattern was found (genotype "B"). Sample 13 had a variant 
band, which was 2,600 bp in length and the two bands of 
1,400- and 1,200 bp were not present (Fig. 3.3.3). This 
can be explained by a loss of one restriction site between 
the 1,400 and 1,200 bp fragments, creating the 2,600 bp 
fragment. 
Bgl I cut the mtDNA of M. paradoxus into five fragments, and 
all individuals showed the same restriction pattern. 
Merluccius capensis and M. paradoxus do not share any 
fragments for this enzyme. Three or more mutational events 
must have taken place, to make it possible for the most 
common fragment genotype to evolve into theM. paradoxus 
genotype. 
3.3.4.6 EcoRI 
Some difficulty was encountered when digesting mtDNA of hake 
with Eco RI. The enzyme cut the DNA poorly even after 
adding an excess of enzyme and incubating overnight. 
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Figure 3.3.3 
Merluccius paradoxus (P, lanes 3-4 and 6) and Merluccius 
capens is (C, lanes 5, 8 and 9) mtDNA digested with Bg I I. 
Phage lambda DNA cut withHindIII is run in lanes 7 and 10. 
The mtDNA of Merluccius capensis digested with Bgl I in lane 
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About half of all theM. capensis mtDNA molecules were cut 
into two fragments by this enzyme, while the other half had 
only one restriction site. All the individuals were 
digested twice with the enzyme and the same results were 
obtained each time. 
Only seven individuals of M. paradoxus had two Eco RI sites. 
All individuals were also digested twice with this enzyme 
and the results were the same each time. 
The two species of hake shared the fragment of genotype "A". 
An addition of one restriction site must have occurred 
within each species to give rise to the fragment genotypes 
"B" and "C". It can be assumed that the Eco RI restriction 
sites are not highly conserved in either species of hake. 
3.3.4.6 HI n d I I I 
Hin dIII cut the mtDNA of M. capensis at two sites and all 
individuals that were digested showed the same restriction 
fragment pattern. 
Mitochondrial DNA fromM. paradoxus also had two restriction 
sites. The small fragment was about half the length of the 
one found inM. capensis, and no variant genotype was found 
in this species (Fig. 3.3.4). 
Mer/uccius capensis andM. paradoxus do not share any of the 
90 
Figura 3.3.4 
Restriction fragment pattern of mtDNA of Merluccius capensis 
(C) and Merluccius paradoxus (P) digested with HindIII. 
Lambda DNA digested withHindIII is in lane 6. 
Hind Ill 
Species P C 







HindIII restriction sites. The transition of the "A" 
genotype to the "B" genotype would require a loss, followed 
by a gain, of HindIII restriction site. 
3.3.4.7 Kpnl 
Only four samples of M. capensis had twoKpnI restriction 
sites and the rest had one restriction site. 
Four individuals of M. paradoxus had two Kpn I restriction 
sites while the remaining individuals had only one cutting 
site. This can be explained similarly toM. capensis, by 
the gain of one restriction site. 
The genotype "A", which had only one restriction site, was 
common to both species of hake. 
3.3.4.8 P st I 
All the samples of M. capens is had only one Ps t I site on the 
mtDNA. No additional restriction sites were detected 
throughout this study. 
Merluccius paradoxus had two Pst I restriction sites, which 
cut the mtDNA into two pieces of similar length (Fig. 
3.3.5), and no smaller fragments could be detected by normal 
EtBr staining. The fragment pattern stayed constant 
throughout the study. 
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Figure 3.3.5 
Mitochondrial DNA ofMer/uccius parado x us (P) andMerlucc i u s 
capens i s (C) digested with Ps t I. Lambda DNA digested with 







The two species had no Pst I fragment in common. TheM. 
paradoxus, "B", genotype must have lost one Ps t I restriction 
site to give rise to the M. capens is, "A", genotype. 
3.3.4.9 Pv u I I 
The enzyme PvuII has four recognition sites on the mtDNA of 
M. capensis 
one medium 
giving rise to one larger fragment of 10.000 kb, 
sized fragment of 3.000 kb, and two small 
fragments of 2.000 and 1.900 kb, which form a doublet. No 
variant genotype was observed in this species. 
The restriction pattern for M. paradoxus was almost 
identical to the one found inM. capensis. PvuII also has 
four restriction sites in this species. The fragment sizes 
were: 9.6, 3.0, 2.1 and 2.0. Only by running both species 
side by side on the same gel, could the difference in the 
sizes of the fragments from each species be determined. 
Only two of the four fragments are shared between the two 
species, and a loss of one restriction site followed by an 
addition of a new site was necessary to convert the "A" 
genotype into a "B" genotype (Fig. 3.3.1). 
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3.3.4.10 Sac I 
The mtDNA of M. cape n sis had six Sac I restriction sites. 
Most individuals tested had a fragment pattern of two larger 
fragments of sizes around 10.0 kb, and the other ones, 
around 4.0 kb. In addition to these fragments, some very 
small fragments ranging from 600 - 400 bp were detected 
after overexposing the gels. The "A" or the "B" genotype of 
M. capensis (Fig. 3.3.1) must have lost four restriction 
sites to create the "C" genotype. The conversion of the "A" 
genotype to the "B" genotype could be explained by the 
addition of one restriction site in the 3.78 kb fragment to 
give rise to the 3.7 kb and 80 bp fragments. The sensitivity 
of our method was not enough to detect the 80bp fragment. 
SacI cut theM. paradoxus mtDNA five times. The "E" 
genotype had a 3.6 kb fragment replacing the 3.45 kb 
fragment and the 550 bp piece was replaced by a 700 bp 
piece. This means that these individuals lost one site and 
then acquired 
mtDNA (Fig. 
another site at a different position on the 
3. 3. 6). In a third genotype, "F", two 3. 82 kb 
fragments were present and no small bands were detected, 
indicating that a loss of two restriction sites, giving rise 
to one large band, must have taken place (Fig. 3.3.1). 
The Sac I sites are not highly conserved in both species, and 
three different genotypes were found within each species. 
Only one fragment was shared between the "A" and the "F" 
genotypes of the two species. 
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Figure 3.3.6 
.Merluccius capensis (C) mtDNA digested with Sac I is in lanes 
2, 3, 4, 9, and 10. The sample run in lane 10 displays the 
"C" genotype, and the other digests have the most common 
genotype, "A" . .Merluccius paradoxus (P) mtDNA cut with Sac I 
is in lanes 5-8. Samples in lanes 5 and 6 have the "F" 
genotype, sample in lane 7 has the "D" genotype and the 
sample in lane 8 has the "E" genotype. The small mtDNA 
fragments from both .M. capens is and .M. paradoxus are run off 
the gel and lanes 1 and 11 contain lambda DNA cut with 








3.3.4.11 Stu I 
Cutting the mtDNA of M. cape n sis with Stu I, which has the 
recognition sequence of AGGCCT, resulted in eight fragments 
ranging from 4.3 to 0.4 kb. M. paradoxus was also cut into 
eight fragments of similar sizes. All the mtDNAs were 
digested with Stu I and all the digestions were partial. Due 
to the difficulty in obtaining samples of this enzyme with 
high activity, repeated digestions were not attempted. 
From the partial digests, it looked as though the five 
smaller fragments might be shared between the two species, 
but nothing conclusive could be established from these gels. 
3.3.4.12 Xbal 
The mtDNA of M. capensis was cut into four fragments, and 
all the samples were endlabelled, after digesting withXbaI. 
This made the evaluation of the low molecular weight DNA 
molecules much easier. Three genotypes were detected within 
M. capensis. In the "B" genotype, the top fragment of 7.1 
kb was replaced by a bigger fragment of 7.5 kb. The other 
bands stayed unchanged. This means an insertion into that 
fragment must have taken place. In another genotype ("C"), 
the 7.1 kb fragment was replaced by a smaller fragment of 
6.9 kb (Fig. 3.3.1), which indicates that a deletion had 
taken place inside the restriction fragment. 
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The mtDNA fromM. paradoxus had three restriction sites, 
which were observed for all the individuals tested. 
Only the 600 bp fragment was common to bothM. capensis and 
M. paradoxus. TheM. paradoxus genotype must have lost two 
XbaI restriction sites to give rise to the "A" genotype of 
M. capens is • 
3.3.4.13 Xhol 
TwoXhoI sites, which gave rise to fragments of 4.7 and 11.4 
kb, were found in M. capensis. All of the digests were 
endlabelled, but the bands could also be seen clearly by 
EtBr staining Fig. (3.3.7). Mer/uccius capensis displayed 
three different genotypes when digested withXhoI. The one 
band was observed in all of the genotypes, whereas the other 
band varied from 4.5 to 5.1 kb. Again the "A" genotype lost 
a fragment of 4.7 kb and a 5.1 kb fra9"1!1ent appeared, showing 
that an insertion of 400 bp took place. Similarly, the "C" 
genotype had a 4.5 kb fragment indicating a deletion of 200 
bp. 
The mtDNA of M. paradoxus also had two Xho I sites which 
always remained the same (Fig 3.3.7). 
No fragments were shared between the two 
second fragment of M. capens is migrated 
speed to the one found in M. paradoxus, 
species. The 
at a very similar 
but by running 
Figure 3.3.7 
XhoI restriction digest of mtDNA ofMerluccius capensis (C) 
and Me r I u c c i u s pa r ado x u s ( P ) . The most common fragment 
genotype of M. capens is , "A", is displayed in lane 9, the 
fragment genotype "C", which has a deletion, is seen lane 8, 
and the fragment genotype "B" is shown in lane 2. All M. 
paradoxus samples had the same fragment genotype "D". 









samples from each species side by side on the same gel, it 
was evident that they were of different size. 
3.3.5 Data analyala 
From these restriction patterns, the number of shared 
fragments between the two species were calculated. By 
taking restriction patterns of all eleven enzymes of each 
individual into account, each individual was allocated a 
composite genotype. It was found thatM. capensis had 14 
composite genotypes whereasM. paradoxus had 6 composite 
genotypes (Table 3.3.4). One most parsimonious network 
connecting the M. capensis genotypes with a minimum of 22 
mutation steps, an insertion, and a deletion was found (Fig. 
3.3.8). In this parsimonious network, genotype 6 was also 
equally connected to genotype 2 by three mutational steps, 
and genotypes 8 and 11 were connected by two mutational 
steps. TheM. paradoxus genotypes were connected with a 
minimum of 7 mutational steps. In the M. paradoxus 
parsimonious network, genotype 15 and 20 were also connected 
by one mutational step, and genotype 16 and 18 were 
connected by two mutational steps. In Fig. 3.3.8, a link 
between two genotypes indicates a mutation for a single 
restriction site and a continuous hatch mark indicates a 
minimum of two mutational events. An insertion is indicated 
by a link between two genotypes with a plus sign and a 
deletion is indicated by a minus sign. For example, the 
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composite genotype AAAAAAAAAAA is related to AAABAAAAAAA by 
the appearance of an EcoRI restriction site, and it is 
related to the genotype AAAAABAAAAA. by the addition of a 
KpnI site. Similarly, composite genotype 8 (AAABAAAAABB) 
and 9 (AABBAAAAABB) differ only in the Bgl I genotype where 
the loss of one Bgl I restriction site in genotype 8 gave 
rise to genotype 9. Composite genotypes 2 and 5, also only 
differ in oneAvaI restriction site, where at least two 
mutational steps are required to explain their differences. 
Insertions and deletions are apparent (a plus or minus sign 
in Fig. 3.3.8). Genotypes 7 to 11 contain a 400 bp 
insertion and genotypes 12 to 14 have a 200 bp deletion. 
3.3.6 Sequence divergence 
The number of shared fragments were also calculated between 
different composite genotypes, and that value was used to 
estimate the nucleotide sequence divergence, p. The F and p 
values estimated between the species, are presented in Table 
3.3.5 and 3.3.6, respectively. It was assumed that theXbaI 
andXhoI restriction sites were shared between the various 
genotypes of M. capensis, as the change in the fragment size 
was not due to a change in the restriction site, but due to 
an insertion or deletion. 
ForM. capensis, the average number of base pairs examined 
per pairwise comparison was 235.6 (about 1.4% of the mtDNA 
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Table 3.3.4 
Composite genotypes of M. capens is and M. paradoxus, fish 
identification numbers, and geographic locations of 
genotypes. Each letter in the composite genotype presents 
the restriction enzyme fragment genotypes of Ava I, BamHI, 

























































































A parsimony network of composite genotypes. Numbers 
correspond to composite genotypes in Table 3.3.4. Hatch 
marks indicate two or more mutational steps, a+ indicates 





genome). Values of p ranged from 0.0000 to 0.0135 and 
averaged 0.0057. For M. paradoxus, the average number of 
bases per comparison was 224.4 (about 1.3% of the mtDNA). 
Values of p ranged from 0.0010 to 0.0093 and averaged 
0.0055. Values of p between genotypes of the two species of 
hake varied from 0.0886 to 0.1352 and averaged 0.1160 (table 
3. 3. 6) . 
3.3.7 Location of genotypes 
It was not possible to match specific genotypes to certain 
areas. Two of the most common genotypes of M. capensis 
were, for instance, found in six individuals each, and the 
locations of those samples stretched over the entire 
sampling range (Table 3.3.4). The remaining genotypes 
appeared on individuals collected at various locations over 
the sampling area. The most common genotype found inM. 
paradoxus appeared in 13 individuals and the distribution of 
those samples stretched over most of the sampling range. 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3 . 4 . 1 Structure and size of mtDNA 
The mtDNA of both species of hake was found to be a circular 
molecule. The size of the mtDNA of bothM. capensis andM. 
paradoxus was estimated by summing the fragment sizes, which 
were determined by running a size standard on the gels 
(phage lambda DNA). The mean size was calculated by summing 
the fragment sizes obtained by digesting the mtDNA with 11 
different restriction enzymes. Merluccius capensis mtDNA 
was found to be 16,954 +512 bp andM. paradoxus mtDNA was 
16,693 +403 bp. Table 3.4.1 represents the sizes of mtDNA 
reported for other organisms. In general, the size of the 
mtDNA of higher eucaryotes ranges from 15,700 to 19,500 bp, 
whereas lower eucaryotes (yeast, fungus) and plants have 
much larger mtDNAs, which contain large non-coding regions. 
The mtDNA of marine fishes seems to be slightly larger than 
the mtDNA of mammals. Berg and Ferris (1984) reported that 
the mtDNA of salmonids was 16,670 bp and Graves et al. 
(1984) showed that the skipjack tuna mtDNA is 16,900 bp in 
size. Mammalian mtDNA, on the other hand, ranges from 
16,200 to 16,700 bp, and amphibian mtDNA seems to be larger, 
with a range of 17,000 - 23,000 bp. The size of the mtDNA 
of M. capens is and M. paradoxus estimated in this study 
agrees with the sizes reported for other marine fish, in 
that it is also about 400 bp larger than mammalian mtDNA. 
Table 3.4.1 
















Anderson et al. , 1981 
Bibb e t a I . , 19 81 
Anderson et a I. , 1982 
Yonekawa et a I. , 1981 
(Peromyscus) 
Cotton rat 




Parus 16,700 +800 
Waterfowl (Anas) 16,500 
Warblers, sparrows 17,300 
Amphibians 
Xenopus laevis 17,550 
Tree frog (Hy I a ) 2 3 , 0 0 0 
Kessler and Avise, 1985a 
Mack et al., 1986 
Kessler and Avise, 1985b 
Kessler and Avise, 1985b 
Roe e t a l . , 19 8 5 
Kessler and Avise, 1985b 
Table 3.4.1 (continued) 
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Graves et al., 1984 
Kornfield and Bogdanowicz, 1987 
Berg and Ferris, 1984 
Gyllensten et a I. , 1985 
Gyllensten et a I. , 1985 
Gonzalez-Villasenor et al. , 1986 
Clary and Wolstenholme, 1985 
de Zamaroczy and Bernardi, 1986 
3.4.2 GC content of mtDNA 
The GC content of the mtDNA was estimated for both hake by 
sedimentation equilibrium analysis. It was found thatM. 
capensis had a GC content of 47% +2% andM. paradoxus had a 
GC content of 45.5% +2%. Birds tend to have the greatest GC 
content (46-50%), followed by mammals (37-44%), and lower 
vertebrates (38-41%) (Brown, 1983). Freshwater trout, Sa/mo 
gardeneri, had a content of 41%. The estimates of the GC 
content of the hake are somewhat unusual in that they are 
higher than expected. Brown (1983) postulated that the GC 
content will influence the secondary structure of the mtDNA 
and in that way it may influence the efficiency of RNA 
processing. In organisms with large energy demands, where a 
high degree of mitochondrial efficiency is required, there 
may be a selective pressure for a strong GC bias. It is not 
clear how this mechanism can explain the difference in GC 
content between hake and trout. One explanation could be 
that the saline environment of the hake imposes greater 
metabolic demands on hake than does a low saline freshwater 
environment on trout. 
3.4.3 Methylatlon of the mtDNA 
Mammalian DNA containing 5-methylcytosine residues is not 
cleaved with the following restriction enzymes: HhaI, HpaII, 
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Msp I, Sal I,and Xho I (Maniatis, 1982). The mt DNA from M. 
capens is and M. paradoxus was digested with Sal I, Xho I and 
HpaII, and these enzymes cut the mtDNA from both species 
into 1, 2 and +15 fragments, respectively. No variation was 
observed in the restriction pattern of Sa I I, and Hpa II and 
it was concluded that the mtDNA of hake is not methylated. 
Castora et al. (1980) tested the assumption that variant 
restriction sites vary with respect to the sequence and not 
methylation. They cloned mtDNA fragments and the same 
fragment pattern was observed for the cloned fragments as 
for the original fragment, and the nucleotide sequence of 
the fragments revealed that the difference in restriction 
pattern was 
methylation of 
due to nucleotide replacements and not 
the mtDNA. The variation of the fragment 
pattern observed forXhoI, is also not due to methylation, 
but rather due to deletion or insertions into the mtDNA of 
M. capens is • 
3.4.4 Size variation and heteroplasmy 
Generally, it is assumed that nucleotide substitutions are 
responsible for variation in the restriction patterns of 
mtDNA. In this study, a length polymorphism was observed in 
the mtDNA ofM. capensis. When the mtDNA was digested with 
the enzyme Xb a I all but 
constant. Upholt (1977) 
one, of the fragment sizes stayed 
postulated that if an insertion 
into a fragment takes place, it will result in the loss of 
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that fragment and the 
the one lost. It was 
replaced by a larger 
insertion took place. 
appearance of a fragment larger than 
found that the varying fragment was 
fragment, indicating that a +400 bp 
In other individuals the same 
fragment was replaced by a smaller fragment indicating that 
a +200 bp deletion took place in that fragment. Similar 
results were obtained when cutting these mtDNAs with the 
enzymeXhoI. By looking at the composite genotypes, it was 
observed that if, in one mtDNA, an insertion was detected in 
theXhoI fragment pattern, an insertion was also detected in 
the Xba I fragment pattern. When cutting the mtDNA of M. 
capensis with AvaI, one individual (4) also 
insertion. The conversion of genotype "A" or "B" 
"C" could only be explained by an insertion. 
showed an 
to genotype 
The 950 bp 
fragment in genotype "B" is replaced by a 1,180 bp fragment. 
This indicates that an insertion of +200 bp must have taken 
place. This insertion was confirmed when digesting this 
mtDNA ( 4) with the enzymes Xba I and Xho I. 
The insertions and deletions observed in the restriction 
pattern of XbaI and XhoI were, however, not detected when 
cutting the mtDNAs with the other restriction enzymes used 
in this study. One explanation for this is that the 
insertions must have been into the large fragments, and the 
sensitivity of the analysis was not great enough to detect 
them. 
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Length-polymorphism in the mtDNA has been reported 
previously between species and also within species. 
Intraspecies length variation were discovered in humans 
(Cann and Wilson, 1983; Greenberg et al., 1983), mice 
(Ferris et al., 1983b), lizards (Moritz and Brown, 1986), 
tree frogs, Hyla, (Kessler and Avise, 1985b, Bermingham et 
al., 1986b), fruit flies, Drosophila, (Goddard et al., 1982, 
Fauron and Wolsten-Holme, 1976), and crickets (Harrison et 
al., 1985). Bermingham et al. (1986b) noted that size 
polymorphisms tended to be more prevalent in lower 
vertebrates such as fish and reptiles than in mammals and 
birds. This shows that it is not unusual that insertions 
and deletions were observed forM. capensis. 
Most of the additions or deletions occur in the D-loop 
region of 
study it 
the mitochondrial genome. In this part of the 
could not be determined whether the insertions and 
deletion observed, were in fact in the D-loop region of the 
hake mtDNA. No size variation could be detected withinM. 
paradoxus mtDNA. 
Size variation within one individual (or heteroplasmy) have 
also been reported for some species of lower vertebrates and 
a freshwater fish (Bermingham, 1986), D. mauritiana 
(Solignac et al., 1983), and some crickets (Harrison et al., 
1985). In this part of the study no evidence was found to 
suggest that length variation does exist within individuals 
from either species of hake. 
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Another example where two types of mtDNA are present in one 
individual would be two mtDNAs with different restriction 
patterns for one restriction enzyme. In this part of the 
study we experienced some difficulties when digesting mtDNAs 
with Eco RI. One possible explanation for this is that the 
individuals were heteroplasmic. It was found that the 
smaller Eco RI fragment of both species of hake could only be 
visualised with some difficulty. If the one type of mtDNA 
has only one Eco RI restriction site, whereas the other one 
has two restriction sites, and both types are present in one 
individual, then one would expect to find a heavy top band 
and a much weaker small fragment. The heavy top band 
represents mtDNA linearized with Eco RI and mtDNA cut twice 
with Eco RI, as fragments above 10kb are not efficiently 
separated on 0.8% agarose gels. This indicates that the 
mtDNA from the two hake might be heteroplasmic for the Eco RI 
restriction sites. No evidence of heteroplasmy was, 
however, observed when digesting the mtDNA from both species 
of hake with other restriction enzymes. 
3.4.5 lntraspeclf lc variation 
The levels of nucleotide site polymorphism differed between 
the two species of hake. This was reflected in the measures 
of polymorphism, which were significantly different between 
species at probability level of p < 0.01. The different 
level of nucleotide site polymorphism was also reflected in 
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the number of composite genotypes within each species and 
the difference in the complexity of the parsimonious trees 
connecting the composite genotypes with each other. 
105 
Merluccius capensis had 14 composite genotypes, which were 
connected by a total of at least 22 mutational steps, 
whereasM. paradoxus had 6 composite genotypes connected by 
a minimum of 12 mutational steps. It is unlikely that the 
different levels of nucleotide site polymorphism are due to 
sample errors because the same number of fish were examined 
for each species of hake. It is most likely that both 
species have the same rate of mutation for mtDNA, and one 
possible explanation for the difference in polymorphism is 
that the two species experienced different population 
events. The first possibility is that the two species have 
different population sizes or different levels of gene flow 
between populations, which produce different levels of 
within-species polymorphism. In a previous study by Grant 
et al. (1988b) it was however determined that both species 
have large subpopulations and little genetic variation was 
detected between locations. The other possibility is that 
M. paradoxus experienced an ancient bottleneck in population 
size, whereas M. capensis did not. The variability of the 
nuclear DNA is less effected by bottlenecks than mtDNA, 
because of the fact that mtDNA is inherited maternally, and 
so the effective population size of mtDNA is immediately 
reduced by half (Ferris and Berg, 1987). By comparing 
rntDNA- and nuclear DNA heterogeneity, historical bottlenecks 
can be detected (Wilson et al., 1985; Ferris and Berg, 
1987). In the first part of this study, it was shown that 
the genetic variability of the nuclear genes was high for 
both species of hake (Grant et al., 1988b). Wilson et al. 
(1985) show that a low genetic variability of the mtDNA 
coupled with a high genetic variability of the nuclear 
genes, indicate thatM. paradoxus may have experienced an 
ancient bottleneck in population size. 
The amount of sequence divergence between the different 
mtDNA genotypes, found within each species, can also be used 
to estimate the relative ages of the species (Ferris and 
Berg, 1987). One assumption made, is that the species with 
many divergent mtDNA genotypes, is older than the species 
which has fewer more closely related mtDNA genotypes (Ferris 
and Berg, 1987). This would lead to the suggestion thatM. 
capensis must be the older of the two species, because of 
the many different mtDNA genotypes found in that species. 
The amount of intraspecific sequence divergence reported for 
other organisms, is summarised in Table 3.4.2. Generally, 
the sequence divergence found between mtDNA genotypes 
averages at 1%, but values as high as 8.7% have been 
reported between populations of freshwater fish (Bermingham 
and Avise, 1986). There appears to be little or no 
geographic ordering of mtDNA genotypes in marine fishes, 
most likely because of the general lack of barriers to 






















































































































































































































































































































































































































































































 I e 














































































































































































































































































































































































































































































rodents also show a similar degree of differentiation among 
mtDNA genotypes, these genotypes usually correspond to 
geographic populations because physical barriers to 
migration between lakes or between areas prevent the 
homogenizing effects of gene flow (Bermingham and Avise, 
1986). 
No geographic variation was detected for the mitochondrial 
genotypes from both species of hake. No evidence of 
genetically discrete stocks within South African waters were 
detected using protein electrophoresis (Grant et al., 
1988a). Northern Namibian stocks of M. capensis did, 
however, show some genetic variation from the South African 
stocks, but no differences were detected forM. paradoxus. 
In this part of the study, no samples were collected from 
Namibian waters, therefore it was not possible to determine 
if the mtDNA genotypes in the Namibian waters are different 
to the one found in southern African waters. 
3.4.6 lnterspeclf lc var lat Ion 
Sequence divergence was estimated betweenM. capensis andM. 
paradoxus by the proportion of restriction fragments shared 
between the two species. It was found that the estimated 
sequence divergence was 11.6%. Sequence divergence reported 
between other related species is summarized in Table 3.4.3. 
By comparing the value of sequence divergence obtained for 
107 
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different organisms, it can be determined if two species are 
closely related or not. Generally, the amount of sequence 
divergence estimated between conspecific mammals and fish 
are only a few percent. Lansman et al. (1981) reported that 
conspecific organisms exhibit sequence divergence of less 
than 3% and organisms belonging to closely related species 
show p values of 8 to 25%. The results reported in table 
3.4.3 show that closely related sibling species have E 
values of about 5% (e.g. Drosophila; Solignac et al., 1986), 
and more distantly related species have p values of 10% or 
greater (e.g. Lepomis; Avise and Saunders, 1984). The 
sequence divergence of 11.6%, estimated between the two hake 
species, appears to be typical of well differentiated 
congeneric species. 
Ferris and Berg (1987) postulate that if a large population 
of fish is split into half by a geological event, which will 
prevent gene flow between the two resulting populations, 
both daughter populations will have initially the same mtDNA 
genotypes. The two populations will evolve separately, both 
acquiring new mtDNA genotypes, but some of the original 
mtDNA will be retained within each population. Therefore 
sibling species are expected to have some rntDNA genotypes in 
common. In this study, no common genotype was found between 
the two species of hake. From these results it was 




























































































































































































































































































































































































































































































































































































































































Sequence divergence of the mtDNA is also a measure of the 
time since two organisms diverged. Brown et al. (1979) 
showed that the mtDNA evolved 5-10 fold more rapidly than 
nuclear DNA and by plotting sequence divergence against 
divergence time, the evolutionary rate of the mtDNA was 
estimated to be 2% per million years. The times of 
divergence were estimated from fossil and protein data. 
Brown et al. (1979) showed that the p value was most 
accurate for mtDNA comparisons between species that diverged 
in the last 5 million years. Species that separated more 
than 10 million years ago accumulated differences at a 
slower rate, which produced an curvilinear relationship 
between mtDNA sequence divergence and time. Values of 
sequence divergence have to fall into the linear part of the 
graph, to give a meaningful estimate of the time of 
divergence (p values less than 0 .15). Estimates of the 
evolutionary rate of mtDNA was based on the data obtained 
from higher primates. To date no time calibrations have 
been made for lower vertebrates or for fishes in particular, 
but time estimates using Brown's calibration curve appear to 
be at least approximately correct for freshwater fishes 
(Bermingham and Avise, 1986). The time of divergence 
between M. capensis and M. paradoxus was 5.8 million years 
ago as determined from the calibration curve. 
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3.4.7 Comparison of restrict Ion fragment 
analysis and Protein electrophoresls 
Restriction endonuclease analysis of mtDNA may be a more 
sensitive measure of nucleotide substitutions than protein 
electrophoresis, because of the degeneracy of the genetic 
code. A change in a nucleotide does not necessarily mean a 
change in an amino acid. Often an amino acid is replaced 
by a different amino acid with a side group having the same 
charge and polarity as the first amino acid. The resulting 
protein will migrate at the same speed in an electric field 
as the initial protein and hence the nucleotide substitution 
would go undetected. In endonuclease analysis of the mtDNA 
any nucleotide substitution in 









that greater resolution of genetic difference can be 
obtained by restriction analysis of mtDNA. One of the 
reasons being the higher rate of evolution of the mtDNA 
compared to the nuclear DNA. In this study, the time of 
divergence of M. capensis andM. paradoxus, was estimated 
at 7.6 to 13.6 million years by protein electrophoresis, 
compared with 5.8 million years estimated by mtDNA 
restriction analysis. This difference could be due to the 
fact that the calibration curve used to estimate mtDNA 
sequence divergence was based on primate data, and that this 
is not appropriate for lower vertebrates. The result most 
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likely also reflect the higher resolution power of mtDNA 
restriction analysis. 
To reconstruct evolutionary events, it is often necessary to 
compare the levels of genetic variability of nuclear DNA to 
mtDNA. In this study it was detected thatM. paradoxus had 
a lower level of nucleotide site polymorphism than M. 
capensis, but an average genetic variability of the nuclear 
DNA was detected for both species of hake. It was concluded 
that M. paradoxus must have experienced an ancient 
bottleneck in population size. This demonstrates that 
restriction endonuclease analysis of mtDNA can be used, 
alone or in conjunction with protein electrophoresis, to 
reconstruct evolutionary events of species, as mtDNA is 
often more sensitive than nuclear DNA to evolutionary events 
such as bottlenecks. 
The results presented in this chapter also show that 
restriction endonuclease analysis is a fairly quick and 
reasonably expensive method, which can be readily used in 
routine analysis. 
CHAPTER • 
CLONING AND CHARACTERISATION OF THE 
MITOCHONDRIAL DNA OF MERLUCCIUS 
CAPENSIS AND M. PARADOXUS AND 
MEASUREMENT OF GENETIC DIVERGENCE 
BETWEEN THESE SPECIES AND 
M. AUSTRALIS, FROM NEW ZEALAND. 
4. 1 INTRODUCTION 
4 . 1 . 1 Mapping of the Mitochondrial DNA 
Previously, immunological crossreactivity and protein 
electophoresis were used for the analysis of phylogenetic 
relationships of animals (Upholt, 1977). These methods did 
not take into account changes in DNA sequences that occur in 
non-coding or control areas. Several approaches are at 
present in use to determine mtDNA sequence divergence. In 
the previous chapter, the use of restriction fragment 
analysis of the mtDNA as a means to determine relatedness 
between and within species was discussed. By physical 
mapping of the restriction sites in the mitochondrial 
genome, a more precise determination of the number of base 
substitutions separating genotypes may be obtained. When 
the mtDNA is mapped, the position of each restriction site 
is determined relative to the restriction sites adjacent to 
it and eventually all restriction sites can be positioned on 
the mtDNA. Several strategies (double digests, partial 
digestion) are currently used for mapping ( Parker et a I . , 
1977; Maniatis et al., 1982). The advantage of mapping the 
mtDNA is that it is possible to determine exactly how many 
sites must be altered to change one restriction pattern to a 
different one. Restriction fragment analysis does not 
determine whether a specific site is shared by two genotypes 
or not, since two fragments of the same length may be 
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produced by the same 
different positions. 
enzyme, cutting 
By using mapping 
different mtDNAs 




conservation of restriction sites, rather than restriction 
fragments is determined (Lansman et al., 1981). Yet, often 
it is not practical to analyze changes of specific sites, 
especially if the restriction pattern is complicated or 
when extensive changes have occurred (Upholt, 1977a). 
Brown et al. (1979) discovered, with the aid of restriction 
site mapping of the mtDNA, that the rate of evolution of the 
mtDNA is higher than nuclear DNA. In a similar study by 
Ferris et al. (1981a), human mtDNA was compared to mtDNA 
from five species of 
The restriction maps 
ape by mapping 50 restriction sites. 
were aligned with respect to 11 
invariant positions and a genealogical tree was constructed. 
These restriction maps revealed that rearrangements took 
place during evolution of mtDNA of higher primates. Their 
results also showed that mapping of the mtDNA provided 6 
fold more resolution than conventional protein 
electrophoresis. Lansman et al • (1981), however, compared 
the information obtained from fragment and site analysis of 
sequence variation within the species Peromyscus 
maniculatus, and their results showed that in analysing 
population structure, restriction site mapping was not a 
great improvement over fragment analysis. 
Restriction site mapping also proved to be a valuable tool 
in reconstructing evolutionary histories of certain species. 
In one such study, Johnson et al. (1983) mapped the mtDNA 
from five human populations using five restriction enzymes 
and they were able to demonstrate that different human mtDNA 
types are related by a series of mutations. By 
reconstructing the chronology of these mutations, an insight 
into the biological history of man was obtained. 
Mapping studies dictate that it is essential to have an 
adequate supply of DNA. This can be obtained by cloning the 
mtDNA which makes the amplification of the DNA of one 
specific individual possible, and unlimited amounts of mtDNA 
can be produced as required. At the same time, this 
overcomes cumbersome mtDNA extractions, which yield only 
limited amounts of DNA. 




DNA, a suitable cloning vector and bacterial 
which allows replication and expression of the 
have to be selected. Very often plasmids, 
which are extrachromosomal circular genetic elements, are 
chosen as cloning vectors. 
A suitable cloning vector must possess certain properties: 
(1) It should be relatively small and allow the insertion of 
large pieces of foreign DNA, (2) it should have copy numbers 
of 10-200, and (3) should carry one or more selectable 
markers (e.g. antibiotic resistance, or production of 
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restriction enzymes) for the 
cells, and to maintain the 
population. (4) The plasmid 
identification of transformed 
plasmid in the bacterial 
should contain some unique 
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restriction sites that are located in regions not essential 
for replication and preferably they should be located in the 
areas coding for selectable markers (Maniatis et al., 1982). 
By insertion of foreign DNA into these restriction sites the 
gene coding for the selectable marker will be inactivated. 
Once the vector has been chosen, the 
inserted into the thereof, can 
transferring 
be 
this recombinant plasmid 
amount of bacterial host, a sufficient 









In addition to mapping, cloned mtDNA may be used as a probe 
in various evolutionary studies. As an example, cloned 
mtDNA can be used as a hybridisation probe to differentiate 
between two species and it can be used to determine the 
phylogenetic relationship among species. A major advantage 
of using cloned DNA as a probe, instead of highly purified 
mtDNA, is that it eliminates the possibility of artifacts 
resulting from hybridisation to highly repeated nuclear DNA 
sequences, as no nuclear DNA contamination is present in the 
probe (Lansman et al • , 1981). Lansman et al . ( 1981) also 
describe the isolation and digestion of total cytoplasmic 
DNA from samples and the use of cloned mtDNA as a a 32 P 
radioactively labeled probe to detect the mtDNA restriction 
patterns. This technique made it possible to detect as 
little as 10 picograms of DNA, reducing the amount of mtDNA 
required by a factor of 1000, compared to the amount needed 
for direct visualisation on gels by EtBr staining. 
Hybridisation with a probe also eliminates the necessity of 
purifying the DNA, which is essential for direct labeling 
procedures, and makes it possible to use frozen or preserved 
tissue (Lansman et al., 1981). 
4. 1 . 3 Objective of this study 
Restriction fragment analysis can provide evidence of 
rearrangements, but no conclusive statement can be made 
about their nature (e. g. inversions, transitions). 
Cleavage map comparisons can, however, detect the nature of 
DNA rearrangements. Previously in this study, evidence 
that an insertion and a deletion had taken place in the 
mtDNA of M. capensis, was discovered through restriction 
fragment analysis of the mtDNA. This finding resulted in 
the mapping of five restriction enzyme sites with easily 
interpretable fragment patterns, on the mtDNA of both M. 
cape n s i s and M. par ado x us • 
At the same time, the additional information about the 
restriction sites shared between the two species of hake 
was used to evaluate the results previously obtained with 
restriction fragment analysis. 
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In this study cloned mtDNA was used to confirm restriction 
maps prepared from the mtDNA, because large quantities of 
relatively pure mtDNA was available. The clones were also 
used as probes to estimate sequence divergence between 
various species of hake. This phylogenetic study was 
started using the hake species, M. austral is, which occurs 
along the coasts of New Zealand. This hake is the only 
species that does not inhabit continental shelf waters and 
it is reported that M. austral is is closely related to the 
other two deep-water hake species, M. paradoxus andM. po/Ii 
(which occur along the coast of Angola) (Inada, 1981). The 
mtDNA from M. austral is was digested with the same battery 
of enzymes used in the fragment analysis of the two southern 
African hake. The cloned mtDNA from both species of hake 
was then used as a probe to determine the sequence 
divergence between these two species and the New Zealand 
hake. These probes also made it possible to map the 
restriction sites on the mtDNA of New Zealand hake. Cloning 
parts of the mtDNA of the two South African hake in turn 
permitted new methods to be used for estimating the sequence 
divergence between these two species of hake and other hake 
species. This can lead to reconstruction of the 
evolutionary history of hake. 
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4.2 MATERIALS AND METHODS 
Unless otherwise stated, all techniques used were from 
Maniatis et al. (1982). All components of solutions are 
recorded in the Appendix. 
4. 2. 1 Cloning of mtDNA 
The mtDNA of M. paradoxus was cut into a number of fragments 
with the restriction enzymes, HindIII, Pst I and Bel I, andM. 
capensis mtDNA was cut withHindIII. The mtDNA from both 
species of 
the vector 
hake was cloned into the corresponding sites of 
pEcoR 252 obtained from Dr. M. Zabeau, Plant 
Genetic Systems, Gent, Belgium. The plasmid pEcoR 252 is a 
derivative of the plasmid pBR 322, retaining the parent 
plasmid ampicillin resistance gene, and origin of 
replication. In addition, the plasmid contains the gene for 
the E. coli EcoRI restriction enzyme, under the control of 
the lambda rightward promotor/operator region (Pr). The 
plasmid is maintained in a strain containing lysogenic 
lambda, and therefore, expression of the EcoRl gene is 
repressed. If this plasmid is transformed into a recipient 
strain that is not a lambda lysogen, the EcoRI gene is 
derepressed, and overproduction of EcoRI results in 
destruction of genomic DNA and of the cell. Insertion of 
foreign DNA into the EcoRl gene causes insertional 
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inactivation of that gene, allowing the transformed cells to 
survive. Three separate fragments, usingHindIII, Pst I and 
Bel I of M. paradoxus mtDNA were cloned into pEcoR 252 and 
one Hin dIII fragment of M. capens is mtDNA was cloned into 
the same vector. 
Vector- and mtDNA was digested with the appropriate enzymes 
for one hour at 37°C. After digestion, small aliquots were 
run on a minigel to determine whether or not the DNA was cut 
to completion. Both the mtDNA and the vector DNA were 
treated with an equal volume of TE saturated phenol 
(Appendix) to remove residual enzyme. Residual phenol was 
removed from the aqueous phase by ether extraction; this 
step was repeated several times. The DNA was then 
precipitated using 10% 4M LiCl and 2 volumes of 96% EtOH. 
The DNA was resuspended in TE buffer, and equal ratios of 
pEcoR 252 and mtDNA were ligated overnight at l5°C. As a 
control, pEcoR 252 was religated and run on an agarose gel 
with EtBr, which showed that the vector was religated. The 
ligation mixture was repurified and competent cells were 
transformed. The recipient E. coli strain forM. paradoxus 
mtDNA, was HBlOl, and forM. capensis it was LKlll. 
4.2.2 DNA Llgat Ion react Ion 
The method of King and Blakesley (1986), for optimizing DNA 
ligations for transformation, by was adapted as follows: 
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1 pM/ml of vector and insert DNA was used where 
1 pM = (mw expressed in Megadaltons) µg or 
1 pM = (0.662 kb) µg 
For example, vector pEcoR 252 was 3360 bp, therefore 1 pM = 
0.662 x 3.36 = 2.22 µg of DNA was added to the ligation. 
Ligase (1.0 units) was added per 1.0 pM of DNA, per total 
volume of the ligation of 50 µ2 (H. Zappe, personal 
communication). Components and concentrations of the 
ligation buffer are listed in the Appendix. 





to transform competent cells. 
centrifuged for 5 seconds, and 
The DNA was cleaned and used 
4.2.3 Preparation of plasmid DNA 
Plasmid DNA was prepared according to Ish-Horowicz and Burke 
(1981). Plasmid pEcoR 252 was prepared by growth in a Lambda 
lysogen, i.e. in the£. coli strain K514. A 200 ml 
overnight culture was harvested at 5000 rpm for 10 min. The 
cells were resuspended in 3 ml of solution I (Appendix). 
The suspension was left at 22 °c for 5 min. and then 6 ml 
of solution II (Appendix) was added. It was mixed and left 
on ice for 5 min. Precooled solution III (4,5 ml) was added, 
it was mixed gently and left on ice for 5 min. Denatured 
proteins were removed by centrifugation at 12000 rpm for 5 
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min. The supernatant was retained, to which 2 volumes of 
95% EtOH was added. The tubes were incubated for 30 min at 
-20°C and the DNA was pelleted at 12000 rpm for 30 min. The 
pellet was resuspended in 4 ml of TE buffer, then 5 g of 
CsCl and 0.2 ml of EtBr (lOmg/ml). At this stage a clearing 
spin at 10000 rpm for 10 min was done to precipitate all the 
residual protein. The refractive index was adjusted to 
correspond to a density of 1.396 g/ml, by either the 
addition of CsCl or TE buffer. The solution was transferred 
to 5ml Beckman Quick Seal centrifuge tubes, which were then 
centrifuged overnight at 55000 rpm in a Beckman vertical 
rotor (VTi 65,2). The plasmid band was collected and EtBr 
was removed according to Maniatis (1982). 
4.2.4 Preparat Ion of Competent Cal la 
A single colony of E. coli (HB101 or LKIII) was inoculated 
into 10 ml Luria Broth (LB). This was grown overnight with 
shaking at 37°C. The overnight culture was diluted 1/100 in 
a 50 ml LB-preculture, and incubated at 37°C with shaking 
until the cells had grown to an OD6oo = 0.2 (mid log phase, 
2-4 h). The cells were diluted 1/50 in LB-400 ml main 
culture, and allowed to grow to an OD6oo = 0.2 at 37°C, with 
shaking. The LB used for dilution, was prewarmed and 
glucose was added to a final concentration of 0.1%. The 
culture was cooled on ice for 5 min and then the cells were 
harvested in a GSA rotor at 5000 rpm for 5 min. The cells 
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were resuspended in 200 ml ice-cold 0.1 M CaCl2, and left on 
ice for 20 min. The suspension was spun down in a GSA rotor 
at 4000 rpm for 5 min, and the cells were resuspended in 4 
ml of ice-cold 0.1 M CaCl2. These cells were then stored on 
ice and aged overnight at 4°C. The aging step was found to 
enhance the transformation frequency of the cells. The 
cells were then used, or stored in 0.1 M CaCl2 containing 
15% glycerol at -70°C for use at a later stage. 
4.2.5 Transformation of Competent Calls 
Competent cells (0.3 ml) were placed in 15 ml sterile 
culture tubes on ice. The DNA was added to the tubes, 5 µQ 
of cleaned ligation mix was used per tube. As a control of 
transformation, competent cells were transformed with pBR-
322 DNA. The tubes were kept on ice for 40 min, then the 
cells were heat shocked at 42°C for 3 min, and were returned 
to the ice bath. Two milliliters LB was added to the cells, 
and they were allowed to grow, with shaking, at 37°c for 30 
- 60 min, which allows the cells to recover and start 
expressing ampicillin resistance. The cells were then 
plated out on Luria agar plates containing 100 µg/ml 
ampicillin, which were then incubated at 37°C overnight. 
Only cells transformed with the vector containing an insert, 
were expected to grow. 
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4.2.6 Colony Hybridisation 
Colony hybridisation was accomplished by first transferring 
bacteria from a master plate containing 50 colonies in grid 
formation, to a nitrocellulose filter (millipore, filter 
type HA, 0.45 um), which was then transferred to an agar 
plate containing 100 µg/ml chloramphenicol, and was again 
incubated at 37°C for another 36 hours. This step amplified 
the number of recombinant plasmids, and was only necessary 
when low copy numbers of recombinant plasmids were expected. 
The colonies were then lysed, and the liberated DNA was 
fixed to the filter. The filter was placed in the lid of a 
petridish containing 0.75 ml of 0.5 M NaOH, making sure that 
the filter was evenly wetted, and that no solution reached 
the upper surface of the filter. It was left for 2-3 min, 
then the filter was blotted dry on paper towel, and the 
above step was repeated using a new petridish lid and fresh 
0.5 M NaOH. The filter was blotted dry, transferred to a 
petridish with 0.75 ml of 1 M Tris-HCl (pH 7.4), for 5 min, 
then the filter was blotted dry and the step was repeated. 
Then the filter was transferred to a petridish with 0.75 ml 
of 1.5 M NaCl and 0.5 M Tris-HCl (pH 7.4). After 5 min the 
filter was blotted and transferred to a piece of Whatman No 
3 filterpaper and allowed to air dry at room temperature for 
30-60 min. The DNA was bound to the filter by baking for 2 
hours at 80°C in a vacuum oven. The filter was 
prehybridised, and then hybridised to a a 32P-labelled probe, 
consisting of mtDNA from bothM. paradoxus andM. capensis, 
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nick-translated to high specific activity with (a32P)dCTP 
(lOµCi/µf). The filter was then monitored by 
autoradiography and the colonies that gave a positive 
autoradiographic result, were recovered from the master 
plate. 
4.2.7 Nick Translation of DNA 
The nicktranslation kit and manual from Amersham (Amersham 
Int., UK, PB.5025) was used in this study. 
The reagents were added into a microcentrifuge tube on ice, 
then they were mixed and placed at l5°C for 1-2 hours. 
Incorporation of (a32P) dCTP into the DNA peaked at 2 hours. 
The reaction was terminated by making up the volume to 0.1 
ml and loading the mixture directly onto a 10 cm column of 
Sephadex G-50 (Maniatis et al., 1982), 
The radioactive probe was denatured'by boiling for 10 min 
and then immediately placing them on ice for a few min to 
prevent reannealing of the two strands. These probes were 




A number of different hybridisation conditions were 
experimented with, which involved varying the stringency of 
hybridisation and washing procedures. Most hybridisation 
reactions and washes were done at high stringency (65°C). 
Initially, salmon sperm DNA, Denhardts solution, 20x SSC and 
BSA was used to prehybridize the blots, but the mtDNA 
present in sperm DNA resulted in a decrease in hybridisation 
of the probe with mtDNA bound to the filters. Subsequently, 
the method from Church and Gilbert (1984) was used. In that 
method, the blots are blocked by bovine serum albumin and 
phosphate buffer, which resulted in a ten fold increase of 
the signal. The blot was prehybridised for 5-10 min in CHB 
(Church Hybridisation Buffer, see Appendix) at 65°C, then 
the probe was added and allowed to hybridize overnight. The 
blot was washed 2x in WBA (Wash Buffer A), 10 min per cycle 
and then 4x WBB (Wash Buffer B), also 10 min per cycle. The 
blot was dipped in distilled water to remove SOS, and was 
then sealed in a plastic bag and subjected to 
autoradiography. 
The colonies to which the mtDNA hybridised, were selected 
from the master plates and DNA was isolated as was described 
for preparation of plasmid DNA. This DNA was in turn a 32 P 
labelled and then used as a probe to hybridize to mtDNA run 
on an agarose gel. 
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4.2.9 Southern blotting 
Capillary blotting was done according to the recommendations 
of the manufacturer of Hybond-N (Amersham) and according to 
the method described by Reed (1987). After electrophoresis, 
using Tris-borate gels, the gel was placed in a pan 
containing two volumes of 0.25 M HCl, to nick the DNA. It 
was shaken for 15 min at room temperature, the HCl was 
poured off, and the step was repeated. Then the gel was 
rinsed in H20 and the DNA was denatured with two volumes of 
0.5 M NaOH, 1.5 M NaCl for 15 min, which was repeated twice. 
Following that, the gel was neutralized with 0.001 M 
Na2EDTA, 1.5 M NaCl, 0.5 M Tris-HCl, pH 7.2 for 30 min, and 
this step was repeated twice. The agarose gel was placed on 
a glass plate, and Hybond-N, saturated in water, was placed 
on top of the agarose gel. Three sheets of filterpaper 
saturated with the same buffer were placed on top of the 
Hybond-N. Then a 2 inch layer of dry paper towels was 
placed on top of the filterpapers, and a weight of 1-2 kg 
was placed on top to ensure even contact. Transfer of DNA 
was allowed to proceed for 2 hours, to overnight. Then the 
DNA was bound to the filter, by placing the filter, DNA side 
down, on a standard short wavelength uv transilluminator for 
2-5 min. 
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4.2. 10 Isolation of cytoplasmic ONA 
The method for rapid extraction of cytoplasmic nucleic acids 
from Lansman et al. (1981) was used to isolate mtDNA fromM. 
austral is. Ovaries, frozen in liquid nitrogen, were 
provided by Fisheries Research Division of New Zealand. The 
ovaries were subsequently stored at -70°C until they were 
used. 
Two grams of liver were minced and then homogenized with 5 
ml of 2x TSM (Appendix) using an Ultraturox homogenizer. 
The homogenate was made 0.2% nonidet P40 by addition of 0.1 
ml of a 10% solution. Intact nuclei were removed by 
centrifugation for 5 min at 15000g. The supernatant was 
kept, an equal volume of TE-saturated phenol added to it, 
and this solution was held at 65°C for 5min. The phases 
were separated by centrifugation at 6000g for 10 min and 
the aqueous layer was reextracted with an equal volume of 
phenol. The residual phenol was removed by extracting the 
aqueous phase with ether. The DNA was precipitated by the 
addition of 95% EtOH and incubation at -20°C for 2h. The 
precipitate was collected by centrifugation at 6000g for 20 
min. The pellet was washed with 70% EtOH, dried and 
dissolved in 1 ml TE buffer. The DNA prepared in this way 
was digested with restriction enzymes and run on agarose 
gels. 
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4 . 2 . 1 1 Mapping of mtDNA 
Mitochondrial DNA was prepared using the method for rapid 
isolation of mtDNA from fish, by Chapman and Powers (1985). 
Mapping was achieved by digesting the mtDNA with two enzymes 
at the same time, then running 
measuring the sizes of the 
it on agarose gels. 
fragments, a map of 
By 
the 
restriction sites in relation to each other was obtained. 
One M. paradoxus mtDNA was mapped with six enzymes: BamHI, 
B c l I , Hi n d I I I , P s t I , Sa c I I , and X ho I . Three M. c ape n s i s 
mtDNAs were mapped with BamHI, Eco RI, HindIII, Pst I, Sac II, 
andXhoI. In this species we chose three individuals, each 
one with a different genotype for the restriction fragment 
pattern of XhoI. The mtDNA clones from both species were 
mapped extensively using up to 27 different enzymes. The 
mtDNA of M. austral is was digested, electrophoresed, and the 
gel was hybridised to a mixture of the clones of M. 
paradoxus and M. capens is, labelled with cx.32P. 
4.2.12 Data analysis 
Sequence divergence, p, between M. austral is and the two 
South African hakes was calculated, using the number of 
restriction fragments shared, as was described in Chapter 3. 
The number of shared cleavage sites, S, between two mtDNAs 
was calculated according to Nei and Li (1979). 
s = ~ X y I (N X + Ny ) 
where Nxy is the number of sites in common to the two mtDNAs 
and Nx and Ny represent the total number of restriction 
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sites in each of the two mtDNAs. The amount of nucleotide 
sequence divergence of the two mtDNAs can be estimated from 
s by the following relationship: 
p = - ( ln S ) In 
where n is the number of nucleotides in the recognition 
sites of the restriction enzymes. Sequence divergence was 
estimated for 5-bp and 6-bp recognition sites separately, 
and was averaged by weighting each p value with the number 




4 . 3 . 1 Cloning of mtONA 
Bacterial colonies containing recombinant plasmids, which 
had inserts of mtDNA, were selected by means of colony 
hybridisation (Fig. 4.3.1). Three different fragments of M. 
paradoxus mtDNA were cloned into the vector pEcoR 252 and 
oneHindIII fragment of M. capensis was cloned into the same 
vector. The recombinant plasmids were isolated and the 
inserts were cut out by restriction enzymes and run on a gel 
in the lane adjacent to total mtDNA cut with the same 
enzyme. Clones contained bands which corresponded to a band 
in the restriction pattern of the mtDNA. The following 
fragments were cloned: (1) APst I fragment fromM. 
paradoxus, of 500 bp, which was designated pIIB 101 (Fig. 
4.3.2). This small fragment was not detected previously. 
(2) pIIB 102 represents a 2,2 kbHindIII fragment of the 
same species (Fig. 4.3.2). 
(3) An 8 kb Bel I fragment of M. paradoxus was cloned into 
the Bgl II site of pEcoR 252 and was named pIIB 104 (Fig. 
4 . 3 . 2 ) . 
(4) TheHindIII fragment of M. capensis was 4 kb and the 
plasmid was designated pIIB 201 (Fig. 4.3.3). 
Gels with digested total mtDNA were run, blotted and 




Autoradiograph of colonies of Escherichia coli containing 
the plasmid pIIB 102 hybridised with mtDNA fromMerluccius 
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Figure 4.3.2 
Restriction map of the mtDNA fromMerluccius paradoxus. The 
outside circle represents the restriction maps of fractions 
of the mtDNA cloned into the cloning vector pEcoR 252. 















Restriction map of mtDNA fromMerluccius capensis, and the 
restriction map of the clonedHindIII fragment, pIIB 201. 
Xho I 
Eco R1 
Ava I Pvu II 
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4.3.2 Cross hybr ldlsatlon studies 
Various cross hybridisation studies were performed between 
the four clones to establish the amount of sequence homology 
between the clones from the two species of hake. TheM. 
paradoxus clone, pIIB 104, hybridised toM. capensis mtDNA 
with a slight decrease in the intensity of the signal, 
compared to binding to M. paradoxus mtDNA itself. This 
indicated that considerable sequence homology exists between 
the mtDNAs of these two species. The cloned HindIII 
fragment of M. paradoxus, pIIB 102, hybridised only to the 
small HindIII fragment of the mtDNA from both species and 
not to the large fragment, indicating that there are no 
extensive repeated sequences in the mtDNA. 
The small Pst I fragment of M. paradoxus was found to 
hybridize exclusively toM. paradoxus (Fig. 4.3.4). 
The clone, pIIB 201, hybridised to the small HindIII 
fragment of M. capensis, and hybridize only to a small 
extent to the large HindIII fragment. This clone also 
hybridizes well to both HindIII fragments of M. paradoxus, 
again confirming the mtDNA sequence homology between the two 
species of hake. 
The mtDNA clones from both species of southern african hake 
were used as probes to determine the restriction fragment 
pattern of the mtDNA fromM. austral is. 
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Figure 4.3.4 
Picture of gel stained with Ethidium Bromide on the left and 
the same gel blotted and hybridised with pIIB 101 
radioactively labelled with a 32P is on the right. Lane 1 
contains phage lambda DNA digested with HindIII as a size 
marker . Lane 2 contains the vector pEcoR 252 DNA cut with 
Hi ndIII as a control for blotting. Lane 3 contains 
Me r l u c c i u s pa r ado x u s mtDNA cut with P s t I and Me r l u c c i u s 
capensi s mtDNA cut with Pst I was run in lane 4. The blot 
shows that pIIB 101 only hybridizes to a small 500 bp 
fragment of M. paradoxus (lane 3) and not to the large 
fragments of M. paradoxus or the mtDNA from M. capens is 
( lane 4). 
kb 




I 2 3 4 
Blot kb 
0·5 
2 3 4 
Other crosshybridization studies were performed between the 
total mtDNA of Xenopus laevis, cloned into pBR 322 (obtained 
from I.B. Dawid, National Institutes of Health, Maryland), 
and the cloned mtDNA of both species of hake. Using high 
stringency (65°C) hybridisation conditions, it was found 
that the X. /aevis did not hybridize to the clones or the 
total mtDNA of both species of hake. 
4.3.3 Re at r I c t I on f r a gme n t an a I ya I a of M. 
austral la mtDNA. 
Mitochondrial DNA from seven individuals of M. austral is was 
digested with the following enzymes: Ava I, Barn HI, Bg l I, 
Eco RI, HindIII, Kpn I, Pst I Pvu II, Sac I, Xba I and Xho I. 
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Fragment sizes are presented in Table 4.3.1. The size of 
theM. austral is mtDNA was determined to be 16,975 bp +995 
bp. The digests were run on gels and these were blotted. 
Blots were hybridised with a pool of pIIB 101, 102, and 104, 
or with pIIB 201 radioactively labelled with a 32P. The 
mtDNA clones from both species of southern African hake 
hybridize extensively to the mtDNA from New Zealand hake. 
TheM. paradoxus clones hybridised to more M. austral is 
mtDNA fragments than the M. capensis clone, which was 
expected, as a larger proportion of theM. paradoxus mtDNA 
was cloned. Seven M. austral is mtDNAs were digested with 
the eleven restriction enzymes, and three composite fragment 
genotypes were identified (Table 4.3.2). The fragment 
Table 4.3.1 
Fragment sizes (bp) of M. austral is mtDNA digested with eleven 














































* represents fragments shared betweenM. austral is andM. 
paradoxus. 
+ represents fragments shared betweenM. austral is andM. 
capensis. 
Table 4.3.2 
Composite genotypes of Merluccius austral is. Each letter in 
the composite genotype refers to the restriction enzyme 
fragment pattern of Ava I, BamHI, BglI, EcoRI, KpnI, PstI, 
















pattern of M. austral is mtDNA is presented in Fig. 4.3.5, 
and the 
and the 
nucleotide sequence divergence betweenM. austral is 
two South African species was calculated as 
described in chapter 3. Nucleotide sequence divergence was 
estimated separately for 5- and 6-bp restriction enzymes and 
was averaged by weighting each p value with the number of 
nucleotide sites detected by each group of enzymes. The F 
and p values are presented in table 4.3.3 and 4.3.4 
respectively. 
The amount of sequence divergence, p, between genotypes of 
M. austral is ranged from 0.001 to .0021 and averaged 0.0014. 
Sequence divergence between the composite genotypes of M. 
au s t r a I i s and M. cape n s i s ranged from 13 , 4 3 to 2 0 , 13 % and 
averaged at 17,94% (+2.27%). Sequence divergence betweenM. 
austral is and M. paradoxus ranged from 9,69 to 12,27% and 
averaged at 11,48% (+1.51%). 
4.3.4 Mapping cf mtDNA 
The whole mtDNA from both southern African hake species was 
mapped with BamHI, HindIII, Pst I, Sac II andXhoI. Three 
different genotypes were reported for the enzymeXhoI and 
three samples with different XhoI genotypes were mapped. 
The results confirmed that an insertion of 400 bp and a 
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Table 4.3.3 
The F value estimated between the composite genotypes of 
Merluccius austral is and the two South African species of 
hake, using the proportion of restriction fragments shared 



















21 22 23 
.0400 .1154 .0784 
.0392 .0755 .0385 
.0392 .0755 .0769 
.0425 .0816 .0417 
.0392 .0755 .0385 
.0377 .0364 .0370 
.0400 .0115 .0784 
.0392 .0755 .0385 
.0400 .0769 .0392 
.0392 .0113 .0769 
.0377 .0364 .0370 
.0400 .1154 .0784 
.0385 .0370 .0377 
.0385 .0741 .0377 
Tab I e 4 . 3 . 3 (continued) 
Clonal Merluccius australis 
designation 21 22 23 
Merluccius paradoxus 
15 .1501 .2182 .1852 
16 .1501 .2182 .1852 
17 .1538 .2222 .1887 
18 .1501 .1818 .1852 
19 .1455 .1404 .1429 
20 .1501 .1818 .1481 
Table 4.3.4 
Sequence divergence, p, betweenMerluccius austral is and the 
two South African hake, M. capens is and M. paradoxus. Sequence 
divergence was estimated for 5 bp- and 6 hp-specific 
restriction enzymes separately, and was averaged by weighting 
each p value with the number of nucleotide sites detected by 



















21 22 23 
.1959 .1343 .1570 
.1970 .1592 .1981 
.1970 .1592 1581 
.1741 .1546 .1935 
.1979 .1601 .1991 
.1826 .2016 .2007 
.1993 .1343 .1570 
.1970 .1592 .1981 
.1959 .1581 .1970 
.1974 .1357 .1584 
.1823 .2013 .2003 
.1959 .1343 .1570 
.1981 .2003 .1993 
.1981 .1601 .1993 
Table 4.3.4 (continued) 
Clonal Merluccius austral is 
designation 21 22 23 
Merluccius paradoxus 
15 .1188 .0969 .1065 
16 .1188 .0969 .1065 
17 .1174 .0958 .1054 
18 .1188 .1076 .1065 
19 .1206 .1227 .1217 
20 .1188 .1076 .1196 
the size of the smaller of the twoXhoI fragments, as was 
determined in the fragment analysis. 
The cloned fragments of mtDNA were mapped extensively with 
up to twenty different restriction enzymes. The cloned 
HindIII fragment of M. capensis (pIIB 201) had no 
restriction sites for the following enzymes: Bel I, ClaI, 
Dra I, Eco RV, Nun II, Nru I, Sac I, Sac II, Sal GI, Sma I, Xba I, 
XhoI. All three M. paradoxus clones had no restriction 
sites for Alu I, Bel I, Cla I, Dra I, Hpa I, Kpn I, Sac I, Sf i I, 
andXbaI, The restriction maps of pIIB 101, 102 and 104 
were aligned with the restriction map of M. paradoxus (Fig. 
4.3.2), and pIIB 201 was aligned with the restriction map of 
M. capensis (Fig. 4.3.3), 
The mtDNA from M. austral is was mapped with BamHI, Hin dIII, 
Pst I, Sac II, andXhoI using all four clones as probes (Fig. 
4.3.6). 
4.3.5 Restriction site analysis 
All three species of hake were mapped with the five 
restriction enzymes, BamHI, Hin dIII ,P st I Sac II, and Xho I 
(Fig. 4. 3. 7) . This provided more 
sites that were shared among the 
information concerning 
species. The following 
sites were shared between M. capens is and M. paradoxus: Two 
Sac II sites, one BamHI, one HindIII, one Pst I, and one Xho I 
site. Merluccius australis andM. c ape n s i s had two Sa c I I 
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Figure 4,3 .8 







Hind Ill · Xho 1 Hind 111 
Figure 4.3.7 
Restriction maps of the mtDNA fromMeriuccius austral is, M. 
capens is, and M. paradoxus aligned with respect to the sites 






















sites, one BamHI, and one Xho I site in common. The 
restriction sites held in common betweenM. austral is andM. 
paradoxus were two Sac II sites, two Xho I sites, one BamHI 
site, and oneHindIII site. Sequence divergence, p, between 
M. capensis and M. paradoxus, using the number of 
restriction sites held in common, was found to be 8.5%. 
Similarly, the sequence divergence betweenM. austral is and 
M. capensis was 16.09%, and thep value calculated between 




4. 4. 1 Hy b r I d I s a t I on methods 
Initially hybridisation procedures used, all involved a 
prehybridisation step in which the nylon membrane is blocked 
with sonicated DNA, to prevent non-specific binding of the 
radioactive probe to the nylon membrane. Usually salmon- or 
herring sperm DNA is used for blocking of the membranes. In 
this study it was observed that the mtDNA probes of M. 
capensis and M. paradoxus did not bind very efficiently to 
the mtDNA fromM. austral is. This result was somewhat 
surprising as the mtDNA sequence is known to be highly 
conserved across taxa as far separated as amphibians and 
mammals (Wong et al., 1983). The hake used in this study 
all belong to the same genus and more sequence homology 
(above 75%) was expected between the mtDNA from the various 
species. 
Subsequently, a different hybridisation method was used 
(Church and Gilbert, 1984), which did not include any DNA in 
the prehybridisation solution. The result showed that the 
hybridisation was enhanced by a factor of 10. The method 
also proved to be quicker (only 10 min prehybridisation), 
easier (fewer solutions to be made up), and very efficient 
as no non-specific binding of the probe to the membrane was 
detected (and no Denhardts spots). These results show that 
it is an excellent method to be used in studies involving 
hybridisation of a mitochondrial clone to mtDNA. It is 
likely to be the method of choice especially when studying 
fish mtDNA. The midpiece of mature sperm contains a small 
number (approximately 100) of mitochondrial DNA molecules 
(Avise and Lansman, 1983). It can be assumed that this 
mtDNA will also be present in the sperm DNA, which is used 
in the prehybridisation step. This sperm mtDNA will 
hybridize to the hake mtDNA, which is bound to a nylon 
membrane, and it presumably decreases the hybridisation of 
the radioactive probe to the hake mtDNA and will increase 
the background. 
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Usually herring- or salmon- sperm DNA is used for 
prehybridisation, and this sperm mtDNA would bind especially 
efficiently to the mtDNA of other fish. However, it has 
not been previously reported that the mtDNA of sperm DNA 
will interfere with the hybridisation of the probe. Lansman 
et al. (1981), describes the hybridisation techniques using 
Peromyscus maniculatus samples and cloned mtDNA as a probe. 
Salmon sperm DNA was used in the prehybridisation and 
hybridisation step. In other studies of fish, mostly sperm 
DNA is used in the prehybridisation step. Graves et al. 
(1984), for instance, used rainbow trout mtDNA as a probe to 
hybridize to skipjack tuna DNA, and Gonzalez-Villasenor et 
al. (1986) used cloned mtDNA fromFundulus heteroclitus as a 
hybridisation probe for other fish species. In both cases 
salmon sperm DNA was used in the prehybridisation step. The 
hybridisation was not carried out at high stringency 
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conditions (e. g. low temperature and low formamide 
concentration), and no decrease of hybridisation due to the 
sperm mtDNA was reported. 
4.4.2 Cloned hake mtDNA as hybridisation probes 
The fragments of mtDNA fromM. capensis andM. paradoxus, 
cloned into pEcoR 252 were used as probes to detect mtDNA 
fragments from other species of hake. Size often limits the 
amount of mtDNA that can be isolated from one individual. 
Hake are large fish, but it is often difficult to obtain 
large quantities of tissue from one individual and the 
condition of the tissue on arrival will only allow isolation 
of a limited amount of mtDNA. The hake mtDNA clones will 
make it possible to digest each individual with a reasonable 
number of restriction enzymes, as very small amounts of 
mtDNA are detectable when using a hybridisation probe. 
A pool of the M. paradoxus clones represented about 70% of 
the total mtDNA, and it appeared that they hybridised to 
most of the mtDNA fragments of M. austral is. These clones 
represented an efficient probe, which facilitated the 
restriction endonuclease analysis of M. austral is. 
The clones can also be used in future studies to determine 
the evolutionary process and relationships among the other 
species of hake, which inhabit continental shelf waters 
around the world. 
A small, 500 bp, Pst I fragment of M. paradoxus was only 
detected by cloning of the mtDNA. This clone, when used as 
a hybridisation probe, was found to bind exclusively to the 
mtDNA of M. paradoxus, and can be used in studies where it 
is necessary to distinguish betweenM. paradoxus and other 
species of hake. It could also be used in diagnostic 
studies to differentiate between the proportions of M. 
capensis andM. paradoxus present in a catch. 
TheM. capensis mtDNA clone represented only 25% of the 
mtDNA, but it proved to be useful as a hybridisation probe 
in the fragment analysis of M. austral is, where it only 
hybridised to the complementary mtDNA fragments. 
TheM. capensis mtDNA clone also hybridised specifically to 
its complementary mtDNA fragment of M. paradoxus or M. 
capensis. This confirmed that there was no duplication of 
of the region in other parts of the mitochondrial genome, 
and that no extensive repeated sequences ar~ present in the 
mtDNA of M. capens is and M. paradoxus. Similar results were 
obtained when hybridising theM. paradoxus mtDNA clones with 
mtDNA fromM. capens is and M. paradoxus. 
The total cloned mtDNA fromX. laevis did not hybridize with 
the mtDNA clones of M. capens is and M. paradoxus or the 
total mtDNA from both species of hake. The hybridisation 
conditions used in this study were stringent (65°C) and the 
sequence homology of the 
hybridize to each other 
mtDNAs was not enough for them to 
(less than 70% homology, see DNA 
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sequence studies, chapter 5). To use the cloned mtDNA from 
X. laevis as a hybridisation probe for hake, the conditions 
of hybridisation and washing would have to be of lower 
stringency. The clones isolated in this study are species-
specific probes, which can be used in further studies to 
elucidate the evolution of hake. 
4.4.3 Res t r I ct I on 1 r a gme n t an a I y s I s of M. 
austral ls mtDNA 
The size of the mtDNA of M. austral is was calculated by 
averaging the sum of the fragments produced by eight 
different restriction enzymes. The mtDNA was found to be 
16,975 bp +996, which is approximately the same size as the 
size of the mtDNA of the two southern African hakes. This 
agrees with the sizes of mtDNA reported for other fish (see 
chapter 3, Table 3.4.1). 
Only three different composite genotypes were detected for 
M. austral is. Two mutations were necessary to produce these 
genotypes. This showed thatM. australis 
level of nucleotide site polymorphism 
three composite 
displayed a low 
compared to the levels reported forM. capensis (minimum of 
22 mutational steps) and M. paradoxus (minimum of 12 
mutational steps). This low level of nucleotide site 
polymorphism could be ascribed to the small number of fish 
examined in this study. Only by examining moreM. austral is 
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individuals, can differences in the level of nucleotide site 
polymorphism between the three species be quantified. As 
discussed in chapter 3, various factors could have 
attributed to the different levels of site polymorphisms. 
One possible explanation is thatM. 
different population events to the 
australis experienced 
two southern African 
species. To reconstruct these events, additional 
information about the variability of the nuclear genes is 
needed. This could be obtained by protein electrophoresis. 
This again emphasizes the power of a dual approach, 
utilising restriction analysis of mtDNA in conjunction with 
protein electrophoresis. If it is assumed that the low level 
of polymorphism found in the mtDNA of M. austral is, is not 
due to population size, sample error or lower rate of 
mutation, it can be assumed thatM. austral is experienced a 
more recent bottleneck in population size thanM. paradoxus. 
4.4.4 Sequence divergence 
Sequence divergence was estimated betweenM. austral is and 
the two South African hake using the number of restriction 
fragments held in common. Sequence divergence between the 
genotypes of M. austral is and the composite genotypes of M. 
capensis averaged 17,94% and the estimated sequence 
divergence between M. austral is andM. paradoxus averaged 
11,48%. In the previous chapter, the p values for pairs of 
species from various taxa, were summarised in table 3.4.3. 
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In general, sequence divergence within species ranges from 0 
to 5%, and distantly related species have p values of 10% 
and above. Closely related sibling species will have p 
values of approximately 5% to 10%. Gyllensten and Wilson 
(1987), on the other hand, report that the divergence 
between the two genera, Sa/mo and Salvelinus, was 
approximately 13%. This shows that no definite scale exists 
for the amount of sequence divergence, but sequence 
divergence can indicate whether two populations are 
conspecific or congeneric. Sibling species are also 
expected to share some of the mtDNA genotypes, because these 
genotypes existed prior to the split into two species 
(Ferris and Berg, 1987). No genotypes were found to be 
shared between any of the three species of hake. The amount 
of sequence divergence estimated betweenM. austral is and 
the two southern African species of hake also shows, as 
expected, that all three are well separated congeneric 
species. 
The amount of sequence divergence can be used to estimate 
the branching times between two species. As was discussed 
in chapter 3, mtDNA accumulates mutations at a rate of 2% 
per million years, and this value is slowed down for species 
that were separated more than 10 million years ago. 
Generally, values of p below 0.15 are within the linear 
portion of the curve. Using this time scale, it was 
determined that M. austral is andM. paradoxus separated 5.7 
million years ago. The p value of 0.18, estimated between 
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M. capens is and M. au st r a Ii s , lies in the non-linear range 
of the calibration curve. Assuming that a similar rate of 
mutation existed, this p value indicates that the time of 
divergence between the two species was approximately 7 to 9 
million years ago. 
4.4.5 Mapping of mtDNA 
The mtDNA from all three species of hake, M. au st r a Ii s , M. 
capensis, and M. paradoxus, were mapped with five different 
restriction endonucleases (Fig. 4.3.7). Mapping of 
restriction sites allows more rigorous explanation of the 
mutations that produce the various restriction fragment 
patterns, and it also makes it possible to detect deletions, 
insertions, and other rearrangements (Ferris and Berg, 
1987). By mapping the three different XhoI restriction 
fragment genotypes of M. capensis, it was confirmed that an 
insertion of 400 bp, or deletion of 200 bp took place into 
the small Xho I fragment. 
By mapping all three hake species with the same restriction 
enzymes, the amount of sequence divergence could also be 
calculated using the number of restriction sites held in 
common by a pair of species. The amount of sequence 
divergence, p, estimated between M. capens is and M. 
paradoxus, averaged 0.085 (0.116), the p value betweenM. 
capensis and M. australis was 0.160 (0.179), and the 
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sequence divergence betweenM. paradoxus and M. austral is 
averaged 0.122 (0.115). The value of p estimated using the 
number of restriction fragments held in common between each 
pair of species, is shown in parenthesis. There is 
variation of approximately 2% between the two methods used 
to determine the amount of sequence divergence between pairs 
of species. The difference in the values of sequence 
divergence reported here, might be due to the different 
number of restriction enzymes used for both methods. Ferris 
and Berg (1987) compared sequencing, mapping and fragment 
analysis of mtDNA between species and within species. 
Between species, the difference in the percentage of 
sequence divergence, comparing mapping and fragment analysis 
of mtDNA, ranged from 1% to 7%. The difference of 2% 
reported in this study seems to be well within the expected 
range. This also shows that the amount of sequence 
divergence is a rough estimate of the time elapsed since two 
species separated. 
Cloned fragments of mtDNA fromM. capensis andM. paradoxus 
were mapped in detail to acquire more information about the 
clones, and to facilitate subcloning into sequencing 
vectors. Subcloning and sequencing of the clones is 
described in the following chapter. 
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4.4.6 Blogeographlc scenarios 
Data obtained by means of restriction analysis of mtDNA can 
be used to reconstruct phylogenies. The hypotheses existing 
at present about the dispersal of hake, are discussed in 
chapter 1. In short, Kabata and Ho (1981), and Inada (1981) 
proposed that hake dispersed along two main routes from the 
North Atlantic. One group migrated from the North Atlantic 
along the coast of Africa, till they reached the southern 
most tip of Africa and the other group of hake dispersed 
southward along the coast of north America and then crossed 
from the Atlantic Ocean into the Pacific Ocean before the 
closure of the Panama Seaway. This group then migrated 
southward and around the Cape Horn. It was also postulated 
that the New Zealand hake must have been derived from 
southern South America {Inada, 1981). 
At present no single hypothesis can explain the presence of 
two sympatric species of hake in the southern African 
waters. In this study, with the aid of protein 
electrophoresis and restriction endonuclease analysis, it 
was determined that the two southern African species of hake 
are not closely related and may not share an immediate 
common ancestor. This indicates that the two species of 
hake did not speciate sympatrically. 
Another hypothesis is that the two hake species, M. capensis 
and M. paradoxus, arrived via different routes or by 
secondary dispersal of the North Atlantic taxa, to southern 
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Africa. If both hake species arrived in southern Africa by 
two different dispersals of the North Atlantic hake along 
the West Coast of Africa, the species which dispersed more 
recently would be expected to be genetically more closely 
related to the North Atlantic species. In this study, no 
hake mtDNA from the European hake, M. merluccius, was 
available to test this hypothesis. Another assumption that 
can be made, is that older species will have many divergent 
mtDNA genotypes, whereas the younger species will have 
fewer, more closely related mtDNA genotypes (Ferris and 
Berg, 1987). This leads to the suggestion thatM. capensis 
is an older species compared to M. paradoxus, and thatM. 
capensis most probably represents the species that 
originated from the first dispersal of the North Atlantic 
hake to southern Africa. 
Inada (1981) showed, by morphological studies, that M. 
austral is was closely related to the other two deep water 
hakes, M. paradoxus and M. poll i • He also reported that M. 
austral is is different fromM. hubbsi and other Pacific hake 
species, and that in general appearance it is more closely 
related to eastern Atlantic species such asM. merluccius, 
M. senegal ens is, and M. capens is. Other demersal fish from 
southern South America, New Zealand and South Africa also 
showed close relationships, and Inada (1981) reported that 
there is a possibility that dispersal from east to west 
occurred in the southern Atlantic. From the results 
obtained by endonuclease analysis of mtDNA, it could be 
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concluded that M. paradoxus was more closely related toM. 
au s t r al is than M. cape n s is was to M. au st r al is . These 
results fit in with the observations thatM. austral is is 
closely related to the other deep water hake, and that a 
close relationship exists between the fish from southern 
South America, New Zealand, and southern Africa. One 
possible explanation is that an ancientM. paradoxus orM. 
polli species migrated to southern South America and from 
there dispersed to New Zealand, speciating into M. 
austral is. Merluccius austral is andM. paradoxus do not 
have any mitochondrial genotypes in common, and the amount 
of sequence divergence estimated between the two species (p 
= 0.114) indicates that they are not sibling species. This 
implies that they must be connected through an intermediate 
species or that they have been isolated from one another for 
a very long time. Not enough data is yet available to 
reconstruct with certainty the historical biogeography of 
hake, but this study confirms hypotheses existing about the 
dispersal of M. austral is to New Zealand. Further work will 




SEQUENCING PARTS OF THE 
MITOCHONDRIAL DNA OF 
MERLUCCIUS CAPENSIS 
AND M. PARADOXUS 
5. 1 INTRODUCTION 
5 . 1 . 1 Sequencing the mtDNA 
Several classical techniques exist today, which measure the 
relatedness in DNA sequences of individuals. In the 
previous sections, the use of restriction endonuclease 
analysis to determine the sequence divergence between 
species was discussed. This method, however, does not 
detect all randomly distributed differences in DNA 
sequences. Nucleotide sequencing techniques allow the 
detection of single nucleotide changes and also provide 
quantitative information about the overall organization of 
the genome. At the same time, many questions about the 
evolution of species, how closely different species are 
related to one another, and the amount of variation within 
species can be answered through sequencing of the mtDNA. 
Sequencing data from mtDNA also allowed the presentation of 
a new archigenetic hypothesis on the evolution of 
mitochondria (Mikelsaar, 1987). 
To date, complete mtDNA sequences are known for humans 
(Anderson et al., 1981; Attardi et al., 1982), cow (Anderson 
et al., 1982), mouse (Bibb et al., 1981), Xenopus laevis 
(Roe et al., 1985), Drosophila yakuba (Clary and 
Wolstenholme, 1985), and yeast Saccharomyces cerevisiae (de 
Zamaroczy and Bernardi, 1986). All of the information about 
the coding capacity and gene arrangement of the mtDNA was 
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obtained through sequencing. Sequencing of the mtDNA also 
revealed the mode of replication, transcription and 
translation of the mtDNA. This in turn led to the 
discovery that the mitochondrial code differs in many ways 
from the universal genetic code, and that mitochondrial 
tRNAs and rRNAs differ from nuclear tRNAs and rRNAs. 
Discoveries made through sequencing mtDNA are reviewed in 
the following section. 
5. 1 . 2 Replication of the mtDNA 
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Mitochondria have a separate, autonomously replicating DNA 
genome, and replication of the mtDNA is unidirectional, in 
contrast to bacteria, which have bidirectional replication 
(Metzler et al • , 1977, Anderson et al • , 1981; Van Etten et 
al., 1982; Attardi et al., 1982). The origin of 
replication is situated within a Displacement (D) loop 
region (Watson et al., 1987; Anderson et al., 1981). These 
D-loops were first observed by visualizing the mtDNA with 
the aid of electron microscopy, and it was thought that 
these structures arose due to low GC content in that region. 
Later on, it was found that initiation of synthesis of the 
heavy (H) strand, results in the formation of the D-loop, 
with a newly synthesized H strand of+ 680 bases, known as 
the 7S DNA (14S in amphibians), contained within the D-loop. 
The D-loop region is maintained as a triple stranded 
structure by repeated synthesis and degradation of this 7S 
DNA, and displacement of the parental H-strand as a single-
stranded loop. It was also found that a large proportion of 
the mtDNA exists in the D-loop form, but only few of the 
nascent H-strands are synthesized to full length (Anderson 
et al., 1981; Bibb et al., 1981; Attardi et al., 1982; van 
Etten e t al • , 19 8 2) . 
Replication of the mammalian mtDNA proceeds after initiation 
of the H-strand synthesis, at the origin of replication. 
Once the replication fork has moved about two-thirds of the 
way around the genome, and has exposed the origin of 
replication of the light (L) strand, replication of the L-
strand commences (Watson et al., 1987; Anderson et al., 
1981; Attardi et al., 1982; van Etten et al., 1982). The 
DNA sequence surrounding the L-strand origin is an inverted 
repeat that may form a hairpin structure once the origin is 
exposed (Bibb et al., 1981). This secondary structure may 
play a role in initiation of replication of the L-strand 
( van Et ten e t a l • , 19 8 2 ) . 
Replication of the mitochondrial genome is catalyzed by the 
)'DNA polymerase, which occurs only in the mitochondrion. In 
addition, topoisornerase activity is also located within the 
mitochondrion, catalyzing the nicking and closing of the 
mtDNA, which results in untwisting of the parental strands, 
making the separation of the daughter double helixes 
possible (Watson et al., 1987). A type-II topoisomerase, 
which is unable to supercoil DNA, but which can catenate, 
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decatenate, knot, 
be present in the 
gyrase (Castora et 
and relax DNA, has also been reported to 
mitochondrion, and may form part of a 
al., 1982). 
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of any significant size could be 
region and it is generally accepted 
No open reading frames 
assigned to the D-loop 
that this region has 
1981; 1982; Bibb et 
no coding function (Anderson et al., 
al., 1981; van Etten et al., 1982; 
Very little sequence homology of the Attardi et al., 1982). 
D-loop region could be detected between rat, human, and 
bovine mtDNA, and the size of this region also seems to vary 
much more than other intergenic spaces on the mtDNA 
(Anderson et al • , 1981). 
5 . 1 . 3 Organization of the mltochondrlal genome 
By means of the complete mtDNA sequences known to date, 
various genes have been located on the mitochondrial genome. 
The organization of the genes within the mtDNA shows extreme 
economy, as there are virtually no non-coding bases between 
adjacent genes and none of the mitochondrial genes contain 
introns. The D-loop region is the only stretch of DNA to 
which no coding function can be assigned (Anderson et al., 
1981). The remaining genome basically reflects a continuous 
coding function, with tRNAs interspersed between the rRNA 
genes and the protein encoding genes (Bibb et al., 1981; 
Attardi et al., 1982; van Etten et al., 1982). 
1'•', '" 
t. ·' . ;" 
The following genes have on the 
mitochondrial genome of higher eutaryot~s: The 12S and 16S 
ribosomal RNAs (rRNA), 22 transfer RNAs (tRNA), and several 
proteins, which are components of the mitochondrial inner 
membrane (Watson et al., 1987; Anderson et al., 1981, 1982; 
·,.• 
Bibb et al-., 1981; Roe et al., 1985; Clary and Wolstenholme . . 
1986). The mitochondrial genomes of higher eucaryotes 
contain 13 long open reading frames, five of which have been 
identified to code for the cytochrome c oxidase subunit I, 
II, and III (COI, COII, COIII), cytochrome b, and ATPase 
subunit 6 (Anderson et al., 1981, 1982; Wong et al., 1983; 
Avise and Lansman, 1983). Eight unidentified reading 
frames (URFs) have be~n reported, seven of which are encoded 
by the H-strand, and one (URF6), which is encoded by the L-
strand (Attardi /f. al • , 1982). Three pairs of these 
reading frames, URFA6L and ATPase6, URF4L and URF4, and URF5 
and URF6, were found to exist as overlapping reading frames 
in the mouse rntDNA sequence (van Etten et al., 1982). It is 
·-
generally accepted that these unidentified reading frames 
represent ge~es f9r mitochondrial proteins. Poly-adenylated 
rnRNAs, corresponding directly to the reading frames (and 
antisense to URF6), were identified (Anderson et al . , 1981, 
1982; Attardi et al., 1982). At the same time, an average 
70% nucleotide and amino acid homology was found between the 
human and bovine URFs, which is unlikely to have occurred by 
chance (Andersonet al., 1981, 1982). More recently, it has 
been shown that the URFA6L has sequence homology, and 
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similarity in transcriptional control, to the ATPase8 (Clary 
and Wolstenholme, 1986). Chomyn et al. (1985) then 
reported that the products of URFl-5 and URF4L were 
precipitated from a mitochondrial lysate by antibodies 
against highly purified bovine NADH-ubiguinone 
oxidoreductase (complex I) and they concluded that these six 
reading frames code for components of the respiratory chain 
NADH dehydrogenase and are now designated NDl-5 and ND4L. 
Even later Chomyn et al. (1986) found that URF6 also codes 
for an NADH dehydrogenase subunit. A map representing the 
organization of the mammalian mitochondrial genome is shown 
in Fig. 5.1.1 (from Watson et al., 1987). The gene order is 
the same for human, bovine, mouse, 
invertebrate mtDNA, and in general, the 
amphibian and 
mtDNA of higher 
eucaryotes is highly conserved in size, function, and 
organization (Avise and Lansman, 1983; Brown, 1980). The 
mtDNA of lower eucaryotes (Saccharomyces cerevisiae, 
Neurospora, and Paramecium), especially yeast, has also been 
studied extensively, and the functions of their mtDNA are 
very similar to those reported for higher eucaryotes (Watson 
et al., 1987; de Zamaroczy and Bernardi, 1986). However, 
the size of the mtDNA is not conserved. For example, it is 
reported that the size of the yeast mtDNA is five times 
larger than the human mtDNA, and that over two thirds of 
yeast mtDNA consists of non-coding sequences (Watson et al., 
1987; de Zamaroczy and Bernardi, 1986). Another example is 
153 
Figure 5.1.1 
Map of the mammalian mitochondrial genome (Adapted from 
Watson et al., 1987). The tRNAs are indicated by their one 
letter code. ATPase6 and 8 are components of the 
mitochondrial ATPase complex. NDl-6 code for components of 
the respiratory chain NADH dehydrogenase. L-strand is the 





ochrome oxidase Ill 
Cytochrome oxidase II 
of the plant mtDNA, in which a range of sizes (1.5 - 30 kb) 
of mtDNA were found within single plants (Dale, 1982; 
Ben di ch , 19 8 2 ) . 
5, 1 . 4 The mltochondrlal genetic code 
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The genetic code of mtDNA differs from the universal code. 
The fact that only 22 tRNAs exist in the mitochondria, means 
that more "wobble" is permitted than is the case with the 32 
nuclear coded tRNAs. In the mitochondrion, a single amino 
acid is specified by four codons with the same first and 
second positions (e.g., the four valine codons GUU, GUC, 
GUA, GUG). A single tRNA is sufficient to read all four 
codons, because wobble permits pairing of any third codon 
base with the U that resides in the first position of the 
tRNA anticodon. The amino acids that are specified by pairs 
of codons with pyrimidines in their third positions are read 
by G in the tRNA anticodon, while pairs with purines in the 
third position are read by U in the anticodon of the tRNA 
(Watson et al., 1987). The genetic code for mtDNA is 
presented in Table 5.1.1. The mitochondrial genetic code 
varies from the universal code in that UGA codes for 
tryptophan and not termination, AUA codes for methionine not 
isoleucine, and AGA and AGG are termination, rather than 
arginine codons. Thus, there are four stop codons (UAA, 
UAG, AGA, and AGG) in the mitochondrial code. Internal 
methionine is encoded by both AUG and AUA, and initiation 
Table 6.1.1 
Mltochondrlal genetic code 
Phe EJ Ser ucu Tyr I UAU I Cys [:J GAA UGA ucc GUA UAC GCA C 
Leu [:J UCA Stop' UAA I Trp I UGA I UAA UCG UAG UCA UGG G 
Leu cuu Pro CCU 
His I CAU I Arg CGU 
UAG CUC OGG CCC GUG CAC UCG CGC 
: cuA CCA 
Gln j CAA I CGA 
CUG CCG UUG CAG CGG 
Ile EJ Thr ACU Asn I AAU I Ser I AGU I GAU UGU ACC GUU AAC GCU AGC C 
bl :1:1 Met ACA Stop/ AGA I CAU G ACG AGG 
Val GUU Ala GCU Asp GAU Gly GGU 
UAC GUC UGC GCC GUC GAC ucc GGC 
GUA GCA Glu GAA GGA 
GUG GCG uuc GAG GGG 
Differences between the mitochondrial and universal genetic 
' 
code are shown by shading. The tRNA anticodon is written 
(5'-3') in bold. 
Boxes of four codons each are read by a single tRNA with U 
in the first position of the anticodon. Boxes of two codons 
with U/C (pyrimidines) in the third position are read by G 
in the first position of the anticodon of the tRNA, and 
codons with A/G (purines) in the third position are read by 
tRNAs with U in the first position of the anticodon. Only 
the C in the first position of the anticodon of the 
Methionine tRNA, engages in unusual pairing. 
methionines are specified by AUG, AUA, AUU, and AUC. The 
mitochondrial genetic code seems to be the same for all the 
higher eucaryotes. 
5 . 1 . 5 Transcription of the mtDNA 
Both the H- and L-strands of the mtDNA are transcribed 
completely, starting from promoters situated in the D-loop 
region (Watson et al • , 1987; Anderson et al • , 1981). In the 
human mtDNA, transcription of the H-strand starts in the D-
loop region, about 15 nucleotides upstream of the tRNAPha 
gene (Fig. 5.1.2). The L-strand is defined as the main 
coding strand in the mtDNA, as it contains the sense 
sequence of the rRNAs and of most tRNAs and mRNAs. These 
RNAs are transcribed from the H-strand, and therefore the 
transcripts are of L-strand sequence and complementary to 
the H-strand (Anderson et al., 1981, 1982; Bibb et al., 
1981). Only a few tRNAs and the URF6 are H-strand coded. 
Transcription gives rise to very long RNA molecules, which 
are then processed to give the 12S and 16S rRNAs, tRNAs and 
a number of messenger RNAs (mRNA), which are not capped, but 
are polyadenylated. These mRNAs are then translated into 
the corresponding proteins. The open reading frames and 
the rRNA genes are butt-jointed at their 3' termini to a 
tRNA gene, and the large precursor mRNAs are processed by 
the precise excision of the tRNA sequences. Initiator 
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codons lie directly at, or very close to the 5' end of these 
processed mRNAs. Montoya et al. (1981), for instance, 
showed that the 5' end of the COII mRNA corresponded 
precisely with the first nucleotide of the coding sequence, 
thereby confirming the lack of leader sequences on the 5' 
end of mitochondrial mRNAs. They also aligned all the poly-
A containing RNA sequences with the mtDNA sequences, and 
found that all putative mitochondrial mRNAs have initiation 
codons within the first six nucleotides. All mRNAs 
(procaryote and eucaryote) have a stretch of sequence 
preceding the initiation codon and it was thought that this 
area was the ribosome binding site. Montoya et al. (1981) 
proposed that in the mitochondrial mRNAs the ribosomes 
attach to the 5' end, with recognition of the initiation 
codon, and that internal AUG sites could be hidden by the 
secondary structure of the mRNA. In that way, the absence 
of 5' leader sequences in the mitochondrial mRNAs, yet 
retention of efficient initiation, could be explained. 
156 
The coding regions run all the way to the 3' end of the mRNA 
and, generally, no termination codons were found on the DNA. 
Anderson et al. (1981) proposed a model of post-
transcriptional creation of UAA termination codons in the 
mRNAs. The model was proposed because of the observation 
that when tRNAs are cleaved precisely out of the primary 
transcript, by endonucleolytic processing (by RNase P type 
enzymes, see Watson et al., 1987 for review on RNA 
processing), the reading frames with no termination codons 
are left with a U or UA at their 3' end, in phase with the 
reading frame. By polyadenylation of these mRNAs a UAA stop 
codon is created in phase with the reading frame, as is 
demonstrated in Fig. 5.1.2 (Watson et al., 1987; Anderson et 
al., 1981; Ojala et al., 1981). 
This model also provides a termination codon for ATPase6, 
which overlaps with COIII, so that they have overlapping 
termination and initiation codons in the 
1uA!LuG, sequence. 
The cleavage site is between the two A residues so the 
termination site is destroyed in the process of primary RNA 
cleavage, but the polyadenylation model explains the 
formation of a new termination codon. The overlap between 
ATPase6 and COIII shows that the primary RNA transcript is 
processed in the same manner as in the case where a tRNA 
abuts a coding region. The signal for processing of the 
primary transcript remains a puzzle, as it was assumed that 
the functional role of the tRNA sequences, relative to their 
position in the mtDNA, was to serve as recognition signals 
for RNA processing (Anderson et al • , 1981; Attardi et al . , 
1982). One plausible model proposes that it is possible for 
the tRNA sequences to acquire the cloverleaf structure while 
they are still part of the nascent RNA transcript, and that 
this structure may be recognised by the RNaseP-like enzyme, 
resulting in the precise excision of the tRNAs (Ojala et 
al., 1981; Attardi et al., 1982). 
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Figure 6.1.2 
Processing and polyadenylation model of primary RNA 
transcripts to generate translational termination codons at 
the ends of the coding regions for mitochondrial proteins 
(Anderson et al., 1981). The top represents the DNA 
sequences, indicating how the coding regions abut tRNAs or 
other coding regions. The bottom shows the resulting RNA 
sequences that are created by site-specific cleavage of the 
primary transcripts, at the vertical line, and the addition 
of A residues. 
ND 1 ----------------------TAA tRNAX 1 • 
ND 2 -----------------------TAG tRNATrp 
ND 3 -----------------------TGG tRNAArg 
ND 4 -----------------------TGT tRNAHie 
Cyt b-----------------------TGG tRNAThr 
CO III-----------------------TAC tRNAGiy 
ATPase6----------------------TAATG CO III 





5.1.6 The mitochondrial tRNAs 
The mitochondrial 
but the sequences 
tRNAs not only obey unusual wobble rules, 
of the mitochondrial tRNAs are also 
unusual (Anderson et al., 1981). Hence, it is expected that 
the mitochondrial tRNAs will differ from nuclear tRNAs, both 
in their three-dimensional structure and in their 
interaction with the mitochondrial ribosomes (Watson et al., 
1987). It also seems that the mitochondrial tRNAs are 
stabilized by fewer tertiary interactions. Not 
surprisingly, it was found that the mitochondrial tRNAs have 
bizarre structures which are different to the cloverleaf 
structures of non-mitochondrial tRNAs; an extreme case is 
one of the serine tRNAs, which completely lacks the Darm of 
the usual cloverleaf structure (Anderson et al., 1981, 1982; 
Wong et al . , 19 8 3) . 
5. 1 . 7 The ml tochondr I a I rRNA genes 
Both the 12S rRNA and the 16S rRNA genes are flanked by 
tRNAs (Fig. 5.1.1). Thus, the rRNAs are released by the 
precise excision of the tRNAs from the primary transcript. 
Mitochondrial rRNAs are distinctive in that they are 
posttranscriptionally polyadenylated (Dubin et al., 1982). 
It appears that all ribosomes are constructed in a similar 
way and that the conserved regions are necessary for the 
function of the ribosomes, whereas the remainder is free to 
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change (Watson et al., 1987; Anderson et al., 1982). The 
exact function of the rRNAs is, however, still unknown 
( Dubin et a I , , 1982). 
5 . 1 . 8 Rate of evolution of mitochondrial DNA 
Information about the evolution of the mtDNA was obtained by 
direct comparisons of mtDNA sequences. Anderson et a I . 
(1982) compared the human and bovine mitochondrial sequences 
of three genes (COII, NDS, URF6), for each of the three 
codon positions. They found that the average rate, over all 
three codon positions, was 0.003 substitutions per base pair 
per million years. This rate of evolution is lower than the 
one estimated by Brown et al. (1979), but it nevertheless 
confirms that the mtDNA has an extremely high rate of 
evolution. These results also demonstrated that the third 
codon position showed the highest rate of change, followed 
by the first and then the second position. This is 
expected, because of the degeneracy of the genetic code. 
It is also expected that the rate of sequence divergence on 
the mitochondrial genome will vary from site to site. Bibb 
et al., (1981) for instance, compared the mouse mtDNA 
sequence to the human sequence and found a 74% nucleotide 
conservation for protein-coding genes and an 82% amino acid 
conservation, showing that the rate of silent base 
substitutions is higher than the rate of base substitutions 
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leading to amino acid replacements. Brown and Simpson 
(1982), confirmed this observation. They determined the 
sequence of the cytochrome oxidase subunit II, of two 
closely related rat species, Rattus norvegicus and R. 
rattus, and found that 94.4% of the nucleotide substitutions 
were silent. As a result of this high proportion of silent 
substitutions, they then proposed that the rapid evolution 
of mtDNA, relative to nuclear DNA, was due to silent 
changes, whereas the rate of amino acid altering 
substitutions accumulate at comparable rates in the 
mitochondrial and nuclear DNA (Brown and Simpson, 1982). 
The amino acid conservation between human and bovine 
mitochondrial proteins also showed that uncharged and non-
polar amino acids were most frequently interchangeable, 
whereas the charged amino acids were more conserved 
(Anderson et a I • , 1982). 
In another study, it was reported that there is a strong 
bias in favor of transitions (purines to purines, A:G, or 
pyrimidines to pyrimidines, C:T) among individuals within a 
species, but individuals from divergent species (between 
mouse and cow) show a smaller bias towards transitions 
( Aquadro et a I . , l 9 8 4) . 
Anderson e t a I • (1981, 1982) also determined that the 
average nucleotide conservation among tRNAs was 80%, and 
they were found to be more conserved than either the rRNA 
genes or the protein coding genes. However, this 
conservation was much less than that found in non-
mitochondrial tRNAs (Anderson et al., 1981, 1982; Bibb et 
al., 1981; Avise, 1986). This, again, reflects the rapid 
rate of evolution of the mtDNA, relative to nuclear DNA. 
The D-loop region contains some areas 
and in some species, extremely rapid 
that show variable, 
rates of nucleotide 
divergence (Bibb et al., 1981; Avise, 1986). There are 
regions within this highly divergent area, though, that are 
extremely conserved, and which might be involved in the 
initiation of the H-strand synthesis (Anderson et al., 
1982). 
5 . 1 . 9 Objective of this study 
In this section of the work, parts of the hake mitochondrial 
clones, obtained previously from bothMerluccius capensis 
andM. paradoxus_, were cloned into suitable sequencing 
vectors. Then both ends of each sub-clone were sequenced. 
The sequences obtained in this way were identified by 
aligning them with mtDNA sequences of bovine (Anderson et 
al., 1982), Xenopus laevis (Roe et al., 1985), and 
Drosophila yakuba (Clary and Wolstenholme, 1985). These 
sequences were used to identify specific genes in hake 
mtDNA. Once the genes were identified, the genetic code and 
structure of the molecules were determined. The Genbank 
database from August 1986 was used in this study and the 
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only other fish mitochondrial DNA sequence was that of carp, 
Cyprinus carpio (Araya, 1984). The mitochondrial sequences 
from carp were parts of the cytochrome oxidase I, glutamic 
acid tRNA, part of the cytochrome b, and URF4; none of these 
sequences overlapped with the hake mitochondrial sequences. 
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5.2 
5 . 2 . 1 
MATERIALS AND METHODS 




was amplified in the the pEcoR 252 vector and 
CsCl/EtBr centrifugation. This DNA was digested 
with appropriate 
puc 19 which had 
restriction endonucleases and ligated into 
been digested to completion with the same 
endonucleases. The recombinant plasmids were transformed 
into E. coli JM109 cells Maniatis et al., 1982). Transformed 
cells were selected for on Amp, Xgal (Appendix) plates. The 
plasmid was prepared as described (Section 4.2.3), DNA was 
digested, run on a gel, and southern blotted. By using 
mtDNA as a probe it was determined whether or not a plasmid 
contained mtDNA. The selected plasmids were purified by two 
successive CsCl/EtBr centrifugation steps. The DNA thus 
prepared was then used for double stranded sequencing. 
5.2.2 Sequencing reactions 
All DNA sequences were determined using the Sanger dideoxy 
chain termination procedure (Sanger et al., 1977) as 
modified by Chen and Seeburg (1985). 
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5 . 2 . 2 . 1 Double stranded DNA pr Im Ing 
Two µg of DNA was mixed with 2 µQ of 2M NaOH and incubated 
at room temperature for 5 min. To this, 3 µQ 3M NaAc pH 
4.5, 2µQ H20, 5 µQ Primer (4.4 µg/µQ), and 75 µQ 96% EtOH 
was added. Ml3 forward sequencing primer and reverse 
sequencing primer (Amersham) were used. The mixture was 
placed on ice for 10 min, centrifuged for 30 min and then 
resuspended in TE buffer. The DNA was reprecipitated with 
96% EtOH, washed with 70% EtOH, and dried. It was then 
resuspended in 12 µQ of lx sequencing buffer (Appendix) to 
which 1 µQ Klenow polymerase (4U/µQ), and lµQ (10 µCi) of 
35S dATP was added. The mixture was split into four 
aliquots which were allowed to 
deoxynucleotide/dideoxynucleotide 
react with appropriate 
mixes (Boehringer, 
Mannheim). This chain termination reaction continued for 20 
min at 37°C. Each reaction was then saturated with 1.3 µQ 
chase solution (Appendix) and allowed to react for a further 
15 min, after which the reaction was stopped by the addition 
of 3 µQ of sequencing stop buffer (Appendix). The mixtures 
were heated to 80°C for 3 min and run on denaturing 
polyacrylamide gels (Sanger et al., 1977). 
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5.2.3 Polyacrylamlde gel electrophoreals 
A 6% (34 x 40 cm x 0.25 mm) polyacrylamide gel was cast in a 
BRL model SO apparatus using 0.2 mm spacers. A sharktooth 
comb was used (BRL 1045 SC, 24 teeth, 6mm point-to-point). 
Electrophoresis took place at 35 mA for 4-6 h. After 
electrophoresis the gels were dried on a slab gel dryer 
(Hoeffer, Model 1125B) and the gels were placed under Kodak 
XAR-5 X-ray film for between 20h and 4 days. 
6 . 2 . 4 Analyala of sequences 
The DNA sequences were read, then typed into a data file and 
analyzed using an IBM XT computer. The sequences were 
analyzed using two computer programs, Genepro (Riverside 
Scientific, Seattle) and Microgenie (Beckmann). Sequences 
were compared to all available mtDNA sequences on the 
genebank from August 1986, to determine open reading frames 
and coding areas (tRNAs). 
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5.3 RESULTS 
5 . 3 . 1 Subclonlng of mtONA Into puc 19 
The following mtDNA fragments were cloned into puc 19: 
1. A 1. 4 kb Hin dIII- Sph I fragment from the M. capens is 
clone pIIB 201, and this subclone was named pIIB 1211. 
2. The 2 kbHindIII-HindIII fragment of M. paradoxus (pIIB 
102), which was then called pIIB 1102. 
3. A smallHindIII -HindIII fragment from M. paradoxus 
This subclone was 400 bp in size and was named pIIB 1122. 
4. The fourth subclone was named pIIB 1134, and it was a 
BamHI - Sph I fragment of 1. 8 kb from M. paradoxus 
104). 
(pIIB 
The subcloned fragments were identified by cutting them out 
of the sequencing vector and running the DNA on gels 
adjacent to the clones that they originated from, cut with 
the same enzymes. 
5.3.2 Ml tochondr lal ONA sequences from M. 
capensls and M. paradoxus 
DNA from these four subclones was prepared, purified, and 
used for double stranded DNA sequencing. Both ends of the 
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subclones were sequenced using the double stranded 
sequencing method. The subclone pIIB 1122 was sequenced 
completely. The mtDNA sequences obtained from both species 
of hake were aligned with known mtDNA sequences from other 
organisms. The following genes were identified on the mtDNA 
of M. capensis adjacent to the HindIII site of pIIB 1211: 
NDl, isoleucine tRNA, glutamine tRNA, and f-methionine tRNA 
(Fig 5.3.1). Genes identified on the other side of the 
fragment were ND2, tryptophan tRNA, and half of the alanine 
tRNA (Fig 5.3.2). 
The following genes were identified on the mtDNA subclones 
of M. paradoxus: cytochrome oxidase subunit I, cytochrome 
oxidase subunit II, lysine tRNA, ATPase8, and ATPase6. The 
DNA sequence of the small HindIII fragment, pIIB 1122, 
contained sequences of cytochrome oxidase subunit II, lysine 
tRNA, ATPase8, and ATPase6 (Fig. 5.3.3). The DNA sequence 
of cytochrome oxidase subunit I was located on the other end 
of the largeHindIII fragment, pIIB 1102 (Fig. 5.3.4). The 
16S ribosomal sequence was located on the fragment pIIB 1134 
(Fig. 5.3.5). 
The sequences were identified by aligning them with 
mitochondrial sequences of mammals, (bovine, Anderson et 
al., 1982); amphibians (Xenopus laevis, Roe et al., 1985); 
and insects (Drosophila yakuba, Clary and Wolstenholme et 
al., 1985). The sequences are presented in Fig. 5.3.1 -
5.3.5, where the nucleotides typed in bold are in common 
167 
with the nucleotide in the hake mtDNA. The amino acid 
sequence of the coding regions were inferred. Here, the 
amino acids in common with either M. capensis or M. 
paradoxus, were typed in bold, and conserved amino acids 
were underlined. The change from one conserved amino acid 
to another will influence the charge or conformation of the 
resulting protein only minimally. 
The percentage of DNA and amino acid homology, between the 
taxa is presented in table 5.3.1, and the predicted 
secondary structures of the lysine tRNA, tryptophan tRNA, 
isoleucine tRNA, glutamine tRNA, and f-methionine tRNA, were 
prepared by R. Kirby and are presented in Fig. 5.4.1. 
168 
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Percentage of homology of tRNAs and proteins. DNA=% 
Nucleotide conservation, AA=% Amino acid conservation, and 
silent changes=% Silent base changes. !i:__ cap =Merluccius 
capensis, M. para =Merluccius paradoxus, X. laev =Xenopus 
laevis, bov = bovine, and~ yak= Drosophila yakuba. 
% Homology 
Coding region M. cap X. laev Bov D. yakuba 
Proteins 
NDl DNA 100 46 45 26 
AA 100 68 68 26 
Silent changes 100 75 70 100 
ND2 DNA 100 40 40 29 
AA 100 58 50 28 
Silent changes 100 63 60 66 
COI DNA 100 75 73 61 
AA 100 98 97 83 
Silent changes 100 61 70 68 
COII DNA 100 75 67 52 
AA 100 74 68 63 
Silent changes 100 41 35 57 
ATPase8 DNA 100 85 65 49 
AA 100 66 38 34 
Silent changes 100 37 53 80 
F I g . 5 . 3 . 1 (continued) 
% Homology 
Coding region M. cap ~ para x. laev Bov D. yakuba 
ATPase6 DNA 100 64 52 34 
AA 100 76 60 36 
Silent changes 100 50 40 50 
tRNAs 
Isoleucine 100 69 51 51 
Glutamine 100 63 44 37 
F-Methionine 100 72 65 50 
Tryptophan 100 66 62 52 
Lysine 100 75 52 39 
16S rRNA 100 64 54 
The percentage of amino acid conservation was calculated assuming 
that amino acid changes which do not affect the charge or 
conformation of the proteins, are conserved. Amino acids within 
each of the following sets are considered conserved (underlined 
in Fig. 5.3.1 - 5.3.4): (Ala, Ser, Thr), (Asn, Gln), (Asp, Glu), 
(Ile, Leu, Met, Val), (Arg, His, Lys), and (Phe, Tyr, Trp). 
Silent nucleotide changes represent the nucleotides that change 
without affecting the amino acid that would be incorporated in 
that position. 
5.4 DISCUSSION 
5. 4. 1 Organization of the hake mitochondrial 
genome 
By aligning the genes sequenced in this section, with the 
restriction maps of the rntDNA from bothM. capensis andM. 
paradoxus, the location of the genes on the mitochondrial 
genome could be inferred. For both species of hake it was 
found that the basic organization of the genes on the 
mitochondrial genome resembled the organization of the 
mitochondrial genes reported for other higher eucaryotes, 
such as bovine, mouse, human, and X. laevis. Clary and 
Wolstenholme (1985) compared the gene arrangement on the 
mitochondrial genome of D. yakuba to the arrangement of the 
genes on mouse rntDNA. Many genes on theD. yakuba rntDNA 
were arranged differently to the mammalian rntDNA, relative 
to their adjacent genes. They postulated that most of the 
rearrangements could stern from a translocation and inversion 
of a single fragment of DNA on the ancestral rntDNA molecule 
of either D. yakuba 
the rntDNA of M. 
or mouse. From the partial sequence of 
paradoxus, it was determined that 
arrangement of these genes were more similar to the 
mammalian rntDNA than to insect rntDNA. 
The organization of the hake mitochondrial genes also show 
extreme economy as was reported for the mitochondrial genes 
of other higher eucaryotes (Anderson et al., 1981, 1982; 
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Bibb et al., 1981; Clary and Wolstenholme, 1985; Roe et al., 
1985). It was reported that there are none or very few non-
coding bases between adjacent genes (Anderson et al., 1981). 
From the mtDNA sequences of both M. capensis and M. 
paradoxus, it was also determined that there were no or only 
a few non-coding bases between adjacent genes. One example 
in theM. capensis mtDNA sequence was the ND1 gene, which is 
adjacent to the isoleucine tRNA gene, and only four non-
coding bases were found between these genes. Similar 
results were obtained for theM. paradoxus mtDNA sequence, 
and in that sequence, an overlap of ten bases was also found 
between the ATPase8 and ATPase6 genes. Van Etten et al. 
(1982) reported that there are three occurrences of reading 
frames in the mouse mtDNA sequence which overlap, including 
ATPase8 and ATPase6. The overlap between these two genes 
was also reported for the human (46 bp overlap, Anderson et 
al., 1981), bovine (40 bp overlap, Anderson et al., 1982), 
X. laevis (10 bp overlap, Roe et al., 1985), and the D. 
yakuba (6 bp overlap, Clary and Wolstenholme, 1985) mtDNA. 
The number of base pairs found in the overlap seems to be 
quite variable across the species. Merluccius paradoxus had 
the same number of nucleotides found in theX. laevis mtDNA 
sequence. 
The arrangement of the genes on the mtDNAs examined was 
highly conserved across species (e. g. bovine toX. laevis ). 
From this it can be assumed that the gene arrangement on the 
mtDNA of M. capensis will most likely be the same as forM. 
paradoxus. By aligning the two 
cape n s i s and M. pa rad ox us , it 
restriction maps of M. 
was determined that one 
HindIII site was common to both species. If the gene 
arrangement is the same on the mtDNA from both species, it 
is expected that the sequence of COI fromM. paradoxus would 
be continued on the M. capensis mtDNA. However, the 
sequence found at that Hin dIII site on the M. capens is mtDNA 
was the alanine tRNA, which is about 500 bp away from the 
sequence on theM. paradoxus mtDNA. It is unlikely that 
there will be such a major difference in the mtDNA 
organization of the two hake, and it was concluded that 
another undetectedHindIII site must occur on the mtDNA from 
M. capensis. This HindIII site must be situated about 500 
bp from the otherHindIII site. This is a similar result to 
that obtained forM. paradoxus, where the small HindIII 
fragment was only detected through cloning of the fragment. 
Subsequently the mtDNA that was originally cloned, was again 
digested with HindIII and run on a gel adjacent to other 
mtDNA samples digested with HindIII, It was then observed 
that the large, 12 kbHindIII fragment of the cloned mtDNA 
did in fact migrate faster than theHindIII fragments from 
the other individuals, which indicated that this fragment 
was indeed 500 bp smaller. Not enough mtDNA was available, 
to redigest all individuals withHindIII, therefore it could 
not be determined whether the additional HindIII site was 
present in most of the mtDNA fromM. capensis or not. It is 
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possible that this HindIII site represents a polymorphic 
site, which is found in some of theM. capensis mtDNAs. 
One striking difference in the gene arrangement was detected 
betweenM. paradoxus andX. laevis. The distance from gene 
COI to the 16S RNA is approximately 4.2 kb on the 
mitochondrial genome of X. I a e vis , but with M. pa r ado x u s , 
One explanation is 
the D-loop region, 
this distance was approximately 8 kb. 
that an inversion took place around 
resulting in a different gene arrangement of the genes in 
that area. More sequence information is required to 
determine the exact arrangement of the genes on the mtDNA of 
hake around the D-loop region. 
The sequences of the mitochondrial genes from both M. 
capensis andM. paradoxus, reported in this study, represent 
one of the first reported mtDNA sequences of fish (except 
the sequences reported for carp). From these sequences it 
is clear that the organization of the genes on the 
mitochondrial genome of fish is similar to the arrangement 
of the genes published for other higher eucaryotes. 
5 . 4 . 2 Size variation of the mtDNA 
In chapter 2, insertions and deletions in the mtDNA of M. 




with the restriction 
were apparent when cutting 
enzymes Xho I, and Xba I. 
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Subsequently, in chapter 3, these deletions and insertions 
were confirmed, using restriction site analysis. At that 
stage it could not be determined whether the additions and 
deletions occurred in a coding or non coding region (D-
loop). Through sequencing parts of the mtDNA, the location 
of the restriction sites on the mtDNA were determined 
relative to the position of the genes on the mtDNA. This 
then led to the discovery that the insertions and deletions 
most probably occurred in the D-loop region of the mtDNA 
fromM. capensis. The D-loop region has the least sequence 
homology between different mammals, and generally length 
polymorphisms observed within and between species could be 
located in this region. In this study, mapping and 
sequencing parts of the mtDNA made it possible to locate the 
D-loop region on the mtDNA. The results confirmed that hake 
mtDNA has similar properties to that of other higher 
eucaryotes, in that the observed variation in size of the 
mtDNA was due to an insertion or deletion in the D-loop 
region. More sequence determination around and within the 
D-loop region is necessary to verify the results. 
6.4.3 Fish mitochondria! genetic code 
The mitochondrial genetic code varies from the universal 
genetic code as was summarised in section 5.1.4 and table 
5.1.1. In this section it could be confirmed that the 
mitochondrial genetic code of the two hakes also differs 
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from the universal genetic code in the same manner as 
described for other higher eucaryotes (Anderson et a I • , 
1981. 1982; Bibb et al., 1981; Roe et al., 1985, Watson et 
al., 1987). One of the changes from the universal code was 
that tryptophan is not coded for by UGG, but by UGA, which 
is a termination codon in the universal code. From the 
sequence of the tryptophan tRNA of M. capensis, it is clear 
that the anticodon of the tryptophan tRNA is UCA, thereby 
confirming that UGA codes for tryptophan in the fish mtDNA. 
Similarly, the methionine tRNA (anticodon CAU) is also 
unusual in that it can recognise all four AUN codons (to 
specify methionine) when they occur as initiation codons, 
but only AUA and AUG are recognised by the anticodon, when 
they occur internally (Anderson et al., 1981, 1982). This 
means that the C in the first position of the f-methionine 
anticodon must engage in unusual pairing. From the sequence 
data in Fig. 5.3.1, it is clear that M. capensis £-
methionine tRNA possesses the CAU anticodon, confirming that 
hake mitochondrial genomes conform to the mitochondrial 
genetic code. 
The mitochondrial termination codons AGA and AGG, differ 
from the termination codons, UGA, UAA, and UAG, of the 
universal code. The codons UAA and UAG are also termination 
codons in the mitochondrial genetic code. In the mtDNA 
sequences of M. capens is (Figs. 5. 3 .1 and 5. 3. 2), it was 
observed that ND1 and ND2 were terminated with the codon 
TAG. The ATPase8 fromM. paradoxus was terminated with the 
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stop codon TAA. In these partial sequences, no mitochondrial 
termination codons were observed, but in both hake mtDNAs, 
the codon TGA, specifies tryptophan and not termination. 
In summary, it can be said that the mtDNAs from both species 
of hake, M. capens is and M. paradoxus, use the mitochondrial 
genetic code which seems to be well conserved for all higher 
eucaryotes. 
5.4.4 Protein genes 
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Parts of ND1 and ND2, of the M. capensis mtDNA, were 
sequenced and ATPaseB and parts of ATPase6, COI, and corr of 
theM. paradoxus mtDNA, were sequenced. The percentage of 
nucleotide and amino acid conservation between hake and 
bovine, amphibian (X. laevis ), and insect (D. yakuba) is 
presented in table 5.3.1. TheM. capensis andM. paradoxus 
mtDNAs have the highes~ nucleotide homologies (63%) to the 
mtDNA sequence of the amphibian, X. laevis. A fairly high 
sequence homology (57%) was found between the mtDNA. 
sequences of hake and the mtDNA sequences of mammals 
(bovine), and least sequence homology (42%) was found 
between the insect (D. yakuba) and the hake mtDNA. Anderson 
et al. (1982) reported that the COI was the most highly 
conserved protein which had 91.2% amino acid homology 
between human and bovine. In this study, it was also found 
that the COI had the highest amino acid homology, with 97% 
homology between M. paradoxus and bovine, 98% homology 
between M. par adoxu s and X. la e vis , and 83% homology 
between M. paradoxus and D. yakuba. Anderson et al. (1982) 
also reported that the ATPase8 (URF A6L) was the least 
conserved protein. In this study the ATPase8, ND1 and ND2 
sequences were the least conserved sequences. Bibb et al. 
(1981) pointed out that the C- and the N-terrninal amino 
acids of the URFs (NDs) were less conserved than the rest of 
the amino acids in those proteins. Only the C-terrninal 
parts of ND1 and ND2 were sequenced in this study, which may 
have resulted in this low level of sequence homology. 
All of the protein sequences, except ATPase8, show a higher 
amino acid conservation than nucleotide conservation between 
the species. When aligning the reading frames of hake with 
homologous reading frames of bovine, X. la e vis , and D. 
yakuba, a high proportion of the observed codon changes are 
silent ones, occurring in the third position of the codon. 
The percentage of silent base changes is presented in table 





third position. This result reflects 
the genetic code and agrees with 
results that the mtDNA evolves previously reported 
approximately 5-10 times faster than single copy nuclear 
DNA, yet the evolutionary rate is about the same for nuclear 
and mitochondrial proteins (Brown and Simpson, 1982). 
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5.4.5 Termination of translatlon 
The mitochondrial genetic code has four different 
termination codons: TAA, TAG, AGA, and AGG. In previous 
studies it has been observed that many mitochondrial reading 
frames did not contain termination codons, but rather end in 
T (Anderson et al., 1981, 1982; Montoya et al., 1981; Watson 
et al., 1987). Normally this Tis found adjacent to the 5'-
terminal of a tRNA gene, and by cleavage of the tRNA out of 
a primary transcript, the reading frame is left with a U or 
a UA at the 3' end. By polyadenylation of the transcript, a 
termination codon (UAA) is created (Ojala et al., 1981; 
Anderson et al., 1981) (see section 5.1.5 and Fig. 5.1.2, 
for post-transcriptional creation of termination codons). 
It was observed that the hake mtDNA sequences had the UAG 
termination codon at the end of the ,ND1 reading frame, 
whereas the UAA termination codon was found at the end of 
the ATPase8 reading frame. The ND2 and the COII reading 
frames were terminated with a T, and they were adjacent to 
the Trp and Lys tRNA, respectively. By precise excision of 
the tRNAs, a UAA termination codon is also created as 
described for other organisms. The various termination 
codons, or the presence of T as termination codon, are not 
strongly conserved across all species. For instance, only 
ND2 from human, cow, mouse, D. yakuba, and M. capens is ends 
with a T, whereas theX. laevis ND2 ends with a TAG. 
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5.4.8 Conserved amino acids 
Anderson et al • (1982) calculated the percentage of 
conservation between human and bovine amino acids. They 
found that tryptophan was the most conserved amino acid 
followed by arginine and glycine, and the amino acids with 
neutral non-cyclic side groups were least conserved between 
the two species. This indicated that most probably the 
hydrophobicity of the side group determined the degree of 
conservation of the amino acid (Anderson et al., 1982). The 
average percentage of conserved amino acids between the two 
hake and bovine was calculated and the results are presented 
in tables 5.4.1 and 5.4.2. It was determined that 
tryptophan was the most conserved amino acid found in the 
sequences of M. paradoxus and bovine. The next most 
conserved amino acids were tyrosine and histidine, followed 
by proline and glycine. In this study it was determined 
that the amino acids with neutral, non-cyclic side groups 
were also the ones least conserved between the two species. 
ForM. capensis and bovine, it was determined that the amino 
acids seemed to be conserved in the same proportion as was 
reported between human and bovine, but not enough sequence 
information was available to express this quantitatively. 
It seems to be a general rule that amino acids with 
structurally similar side groups, possessing the same 
charge, are readily interchangeable. 
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Table 5.4.1 
Degree of conservation for each amino acid determined for 
NDl and ND2 of theMerluccius capensis mtDNA compared to the 
equivalent DNA sequence from bovine mtDNA. MC =M. capensis 
Amino Total Total Conserved Average% 
Acid bovine MC conserved 
Trp 1 1 1 100 
Gly 1 2 1 76 
Arg 0 0 0 
Gln 1 0 0 
Pro 6 7 6 92 
Glu 1 1 0 
Tyr 0 0 0 
His 1 1 1 100 
Phe 1 2 1 76 
Asn 0 1 0 
Asp 0 0 0 
Lys 2 1 1 76 
Leu 9 9 5 56 
Cys 1 0 0 
Ala 0 3 0 
Ser 4 6 2 40 
Ile 2 5 0 0 
Met 7 3 1 20 
Val 4 1 0 0 
Thr 6 6 1 17 
Average percentage conserved = 2 X (number 
conserved)/ ( total M. capensis + total bovine) . The order of 
the amino acids is according to Anderson et a I . (1982), 
where the top amino acid is the most conserved amino acid 
found between human and bovine. 
Table 5.4.2 
Conservation of amino acids (in COI, COII, ATPase8, and 
ATPase6) betweenMerluccius paradoxus (MP) and bovine mtDNA. 
Amino Total Total Conserved Average% 
Acid bovine MP conserved 
Trp 6 7 6 92 
Gly 12 9 8 76 
Arg 2 1 0 0 
Gln 7 12 5 53 
Pro 17 26 16 74 
Glu 7 6 4 62 
Tyr 6 4 4 80 
His 5 5 4 80 
Phe 11 13 9 75 
Asn 10 7 5 59 
Asp 2 6 1 25 
Lys 9 3 3 50 
Leu 34 26 19 63 
Cys 2 2 2 100 
Ala 12 18 11 73 
Ser 20 21 13 63 
Ile 18 19 11 59 
Met 10 8 3 33 
Val 12 15 9 67 
Thr 20 15 8 46 
Average percentage conserved = 2 X (number 
conserved)/ (total M. capensis + total bovine). The order of 
the amino acids is according to Anderson et a I • (1982), 
where the top amino acid is the most conserved amino acid 
found between human and bovine. 
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5.4.7 Codon usage 
The total number of each kind of codon found in the open 
reading frames of M. capens is and M. paradoxus mtDNA are 
summarized in table 5.4.3. A preference for codons ending 
in C is evident. Merluccius capensis used codons ending in 
C with frequently (35.3%), codons ending with A and T were 
used less frequently (25.5% and 23.5%, respectively), and 
codons ending with G were seldom used (15.7%). Merluccius 
paradoxus frequently used codons ending with C and A (36.2% 
and 32.6%, respectively), codons ending with T were used 
less frequently (22.8%), and codons ending with G were used 
rarely (8.5%). Mouse mtDNA mainly uses codons ending in A 
(Bibb et al., 1981); in human and bovine mtDNA, codons 
ending in A and C predominate (Anderson et al., 1981. 1982); 
in X. laevis codons ending in T were used most frequently 
( Roe et al . , 
in A and T 
1985); and inD. yakuba, mostly codons ending 
were used (Clary and Wolstenholme, 1985). The 
preference for using codons ending in a certain base seems 
to be determined by the increased presence of that base in 
the major coding strand of mtDNA. For instance, in the 
human mtDNA the major coding strand was composed up to 30% 
of T and C, whereas the amphibian mtDNA had an increased 
presence of Tin the major coding strand of the mtDNA. The 
result reported here reflects a high level of C and A in the 
major coding strand of hake mtDNA, and also explains the 








































































































































































































































































































































































































































































































































































































































































5.4.8 The tRNA genes 
Five different tRNA genes were identified on the mtDNA of M. 
capensis, and one tRNA gene, lysine tRNA, was identified on 
theM. paradoxus mtDNA. These tRNA were identified on the 
basis of the sequence homology to other known mitochondrial 
tRNAs. The sequences of the tRNAs, aligned with other tRNA 
sequences, are presented in Figs. 5.3.1 5.3.3 and the 
cloverleaf structures of the tRNAs are presented in Fig 
5.4.1. The hake mitochondrial tRNAs were interspersed 
between protein coding genes, indicating that processing of 
a primary transcript by precise excision of the tRNAs most 
probably also exists in fish mitochondria. 
Mitochondrial tRNAs have several unique features compared to 
other tRNAs: (1) in general they do not have the invariant 
GTyCRA sequence which is found in other tRNAs; 
(2) nucleotides which are located on the D and T loops are 
invariant in other tRNAs, but they vary in the mitochondrial 
tRNAs; 
(3) the TfC loop, which is always seven nucleotides long in 
non-mitochondrial tRNAs, can be three to nine residues long 
in the mitochondrial tRNAs. 
The structure of the mitochondrial tRNAs, determined in this 
study, was also different to non-mitochondrial tRNAs. One 
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F I g . 5 • 4 • 1 
Sequences of Merluccius capensis Ile tRNA, Gln tRNA, f-Met 
tRNA, and Trp tRNA, and of Merluccius paradoxus Lys tRNA 
genes represented in the cloverleaf structure. Normal base 
pairing in the stem structures is represented by a dash, and 
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example being the Ty C loop which, was 4, 5, 7, and 8 
nucleotides long in the glutamine tRNA, £-methionine tRNA, 
tryptophan tRNA and the lysine tRNA, respectively. The TfC 
stem was four or five nucleotide pairs long and the 
invariant GT f CRA structure of non-mitochondrial tRNAs was 
also not observed in these hake mitochondrial tRNAs. It was 
reported that the bovine mitochondrial tRNAs are A-Urich 
and that they contain several instances of mismatched base 
pairing in their stem regions (Roe et al., 1982). The hake 
mitochondrial tRNAs were found to be A and Urich and some 
mismatched base pairing was detected in the stem regions of 
these tRNAs, which is indicated by asterisks in Fig 5.4.1. 
The hake mitochondrial tRNAs had certain conserved features 
as was reported for other mitochondrial tRNAs. The 
anticodon loop was always seven nucleotides long, the 
anticodon stem was five nucleotide pairs in length, the 
acceptor stem was always seven nucleotide pairs long, and 
none of the tRNAs had the trinucleotide sequence CAA, which 
occurs at the 3' end of non-mitochondrial tRNAs. In 
general, the structure of the hake mitochondrial tRNAs 
resemble the structure reported for the mitochondrial tRNAs 
of other higher eucaryotes. 
The sequence homology between the hake tRNAs and the x. 
laevis tRNAs was about 69%, and the sequence homology 
between the tRNAs from hake and bovine was about 53%. This 
value of nucleotide conservation is lower than the reported 
80% sequence homology between the tRNA genes of human and 
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bovine (Anderson et al., 1981, 1982), but a similar value 
was reported for the conservation of tRNAs of six primates, 
mouse, and cow (Avise, 1986). The level of nucleotide 
conservation of the tRNA genes is most likely higher, when 
comparing hake tRNAs to other fish tRNAs. 
6.4.9 Ribosomal RNA genes 
The 16S rRNA sequence of M. paradoxus was identified by 
comparison with other known mitochondrial sequences. The 
16S rRNA gene was then positioned on the mitochondrial 
genome by aligning the sequence with the restriction map of 
the mtDNA. The sequence homology between hake andX. laevis 
16S rRNA was 64%, and between hake and bovine was 54%. It 
appears that the 16S-like RNA from the small ribosomal 
subunit of all organisms has the same four-domain structure. 
The most conserved sequences amongst those rRNAs are found 
in the single-stranded regions. Not enough information was 
available to predict any secondary structure of the 16S rRNA 
of hake, but the high percentage of homology observed 
between the hake 16S rRNA and those from amphibian and 
bovine, suggest that the 16S rRNA sequence is located in the 
single stranded domain of the rRNA. 
5. 4 . 1 0 Evolution of mitochondrial genomes 
Several hypotheses have been proposed to account for 
mitochondrial evolution. The most widely 
represent 
accepted 
ancient hypothesis is that mitochondria 
procaryotic cells which invaded eucaryotic cells forming an 
endosymbiotic relationship. The fact that the mitochondrial 
rRNAs are similar to procaryote rRNAs, in that they are 
chloramphenicol sensitive, confirmed this hypothesis. It 
has also been demonstrated that mitochondrial rRNAs can be 
chloramphenicol resistant, and that this insensitivity to 
the drug is the result of a change of one base pair in the 
16S rRNA gene, in sequences that are identical in E. coli 
and yeast (Kearsey and Craig, 1982; Wallace et al., 1982). 
The most recent archigenetic hypothesis (Mikelsaar, 1987) 
predicts an ancient separate formation of animal, fungal and 
plant mitochondria 
protoeucaryotes by 
and independent invasions of free-living 
different free-living protomitochondria. 
This hypothesis is based on sequencing data which became 
available in recent years. More plant mtDNA sequences are 
required to test this archigenetic hypothesis, which 
proposes that animal mitochondria are the oldest living 
fossils preserved today. The mtDNA sequence presented in 
this study represents one of the building blocks required to 
prove that all animal mitochondria are relatively simple in 
structure and function, with no introns, a small number of 






This study was aimed at determining the amount of genetic 
divergence between the two sympatric species of hake, 
Merluccius capensis andM. paradoxus, which occur along the 
coasts of southern Africa. Protein electrophoresis, 
restriction endonuclease fragment- and site-analysis of the 
mtDNA and sequencing of parts of the mtDNA, were the methods 
employed. Cloning parts of the mtDNA made the estimation of 
sequence divergence between the New Zealand hake, M. 
austral is, and the two southern African hake, possible. 
Through the use 
determined that 
genetically well 
of protein electrophoresis, it was 
the two southern African hake are 
differentiated and should be classified as 
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two separate species which do not interbreed. The results 
of the restriction analysis of mtDNA also confirmed this. 
Generally, it is accepted that sympatric speciation is 
unlikely to occur and that isolation in allopatry is the 
primary mode of speciation (Mayr, 1982). It is most likely 
that the two southern African species of hake evolved in 
allopatry and that they only started to live in sympatry 
after the formation of a barrier to gene flow. One model of 
allopatric speciation 
hake population got 
formation of the two 
is that an ancestral southern African 
divided and that this resulted in the 
species. This is unlikely and the 
genetic data also suggest that the two species did not share 
one common ancestor. Another model is that the presence of 
the two sympatric hake species might be the result of 
repeated dispersal of ancestral populations of other 
Atlantic Ocean hakes to southern Africa. 
Restriction endonuclease analysis of the mtDNA made it 
possible to 
bottlenecks. 
determine evolutionary events such as 
A low level of nucleotide polymorphism, which 
was reflected in the number of composite genotypes and the 
complexity of the parsimonous trees connecting the genotypes 
with each other, was detected for M. paradoxus and M. 
austral is. This low level of nucleotide site polymorphism 
showed that these species most likely experienced ancient 
bottlenecks in population size. 
Results also showed that the deep water hakeM. paradoxus 
was closely related to the hake species of New Zealand. 
This confirmed the hypothesis that there is some connection 
between the fish species of southern Africa, southern South 
America and New Zealand. The close relationship betweenM. 
pa r ado x us and M. au s t r a l i s 
M. paradoxus dispersed in 
may also indicate that an ancient 
the southern Atlantic Ocean from 
east to west and gave rise to the New Zealand species, M. 
austral is. 
The time of divergence was estimated between the New Zealand 
hake and the two southern African species, using sequence 
divergence of mtDNA. The time of divergence between M. 
austral is andM. paradoxus was 5.75 to 6.1 million years and 
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betweenM. austral is and M. capensis, 7 to 8.95 million 
years. This again confirmed the close relationship between 
M. par ado x us and M. au s t r a I i s • 
Restriction analysis of the mtDNA also showed that all three 
species are well separated congeneric species and not 
siblings. The species of hake analyzed in this study, 
however, do not present enough data to reconstruct all the 
evolutionary events. More hake species need to be analyzed 
to determine the origin of the two species of hake 
inhabiting the southern African waters. 
The time of divergence was calculated using genetic distance 
and sequence divergence of the mtDNA, and it was found that 
M. capensis andM. paradoxus separated 4.25 to 13.6 million 
years ago. The large range in the time of divergence is due 
to the different methods used, and the errors inherent in 
each method. The discrepancy in the time of divergence 
between protein electrophoretic results (7.6 to 13.6 million 
years) and estimates calculated using mtDNA sequence 
divergence (4.25 to 5.8 million years) may be due to the 
incorrect estimation of the mutation rate of mtDNA. In 
recent reviews on evolution of man, it is clear that the 
mutation rate of mtDNA is not as yet accepted, with Wolpoff 
claiming: "They have calibrated the mutation rate 
incorrectly," (Lewin, 1987a), and Cann saying: "I see big 
variation in rate in different parts of the molecule" 
(Lewin, 1987b). The regularity of the mitochondrial clock 
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can only be proved by detailed comparisons of sequences of 
significant sections of the mtDNA (Lewin, 1987b). The data 
reported in this study form a building block towards the 
construction of a mtDNA clock for marine fish. 
Restriction fragment analysis of the mtDNA further revealed 
that the M. capensis mitochondrial genome was 16.9 kb in 
length, M. paradoxus mtDNA was 16. 7 kb long, and M. 
austral is mtDNA was 16.9 kb in length. The size of the 
mtDNA of hake proved to be of similar length, as has been 
reported for other fish species. Size variations were 
detected within M. capensis and, through restriction site 
analysis of the mtDNA, these size variations could be 
recognised as insertions and deletions which are most likely 
to be situated on, or close to, the D-loop structure. 
The mtDNA sequence data 
allowed the prediction of 
from M. capens is and M. paradoxus 
much of the general organization 
of the mitochondrial genome of hake. As expected, the fish 
mtDNA has strong sequence homology to amphibian mtDNA. It 
was also found that the fish mitochondrial protein genes 
were similar in conservation, genetic code, codon usage, 
overlapping of reading frames, and termination of coding 
regions, to the equivalent protein genes of other higher 
eucaryotes. The genes on the mitochondrial genome of fish 
showed extreme economy, with some protein coding genes 
having overlapping reading frames, and none or only a few 
non-coding bases were situated between adjacent genes. It 
was also observed that the mitochondrial genetic code seems 
to be conserved across all species. The mitochondrial 
genetic code of hake was found to be different to the 
universal genetic code in that the codon UGA, which is a 
termination codon in the universal code, specified 
tryptophan, and the C in the first position of the 
methionine tRNA must engage in unusual pairing. The protein 
genes reflected the degeneracy of the genetic code in that 
over 55% of the nucleotide substitutions did not result in 
an amino acid substitution. It was also determined that 
some of the protein 
and that these 
coding genes had no termination codons 
coding regions must have formed 
postranscriptional termination codons by the precise 
excision of a tRNA from the primary transcript, followed by 
polyadenylation, resulting in a termination codon. 
The mitochondrial tRNAs also resembled (in sequence and 
secondary structure) the mitochondrial tRNAs found in 
mammals, amphibians and insects. It is apparent that future 
detailed analysis of the hake mtDNA sequences may provide 
important information about the evolution of hake and will 
also provide information about the evolution and function 
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APPENDIX 
GENERAL MEDIA, BUFFERS, AND 
SOLUTIONS 
GENERAL MEDIA, BUFFERS AND SOLUTIONS 
Amp I c I I I In 
Make up a stock solution of 25 mg/ml of the sodium salt 
of ampicillin in water. Filter sterilize and store at -
20°c. 
ATP (0,1 M) 
Dissolve 60 mg of ATP in 0.8 ml of H20. Adjust th pH to 
7.0 with 0.1 M NaOH and the volume to 1.0 ml with H20. 
Store at -70°C. 
10x Hlndlll buffer 
600 mM NaCl 
67 mM MgSQ4 
100 mM Tris-HCl pH 7.9 
5 mM ~-mercaptoethanol 
Store at -20°C. 
Hybridisation buffers 
Church Hybridisation buffer (CHB) 
1% Bovine Serum Albumin (Sigma) 
7% sos 
0.5 M Na2P04 pH 7.0 (PB) 
1 mM EDTA 
Wash Buffer A (WBA) 
0 . ·5 % Bovine Serum Albumin 
5% SDS 
40 mM PB 
1 mM EDTA 
Wash Buffer B (WBB) 
1% SDS 
40 mM PB 
1 mM EDTA 
Make up stock solutions (10% BSA, 20% SDS, lM NaH2P04, 
pH 7.0, and 0.5 M EDTA) and store separately. 
DNase free RNase 
Dissolve pancreatic RNase (Sigma) in 0.1 M Sodium 
acetate pH 4.5. Boil for 10 min and store in small 
aliquots at 70°C. 
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Denhardt's solution (1x) 
0.02 % ficoll (Sigma) 
0.02 % polyvinylpyrolidine 
0.02 % bovine serum albumin 
Make up a 50x stock solution and store in small 
aliquots at 
-20°C. 
DNA extraction solutions 
Solution I 
50 mM Glucose 
25 mM Tris pH 8.0 
10 mM EDTA 
adjust pH with HCl, autoclave and store at 4°C. 
Solution II 
0.2 N NaOH 
1 % SDS 
Make up stock solutions separately. 
10 N NaOH 
25% SDS 
Autoclave stock solutions and store at room 
temperature. Take 2 ml of NaOH stock solution and 4 ml 
of SDS stock solution and add 94 ml H20, Mix solution 
weekly and keep at room temperature. 
Solution III 
5 M Potassium acetate, pH 4.8 
Made from 2 M acetic acid and 3M potassium acetate. 
Make up potassium acetate and dissolve in H20, add 
acetic acid until pH 4.8. Autoclave and store at 4°C. 
DI th Io th re I to I OTT 
Dissolve DTT (Boehringer, Mannheim) in sodium acetate, 
pH 5.2 and sterilize by filtration. Store small 
aliquots at -20°C. 
Dlalysla Tubing 
Cut the tubing into pieces of convenient length. Boil 
for 10 min in a large volume of 2% sodium bicarbonate 
and 1 mM EDTA. Rinse the tubing thoroughly in distilled 
water, boil for 10 min in distilled water or autoclave. 
Allow to cool and store at 4°C. Before use, wash the 
tubing inside and out with distilled water. Handle the 
tubing with gloves at all times. 
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Denatured salmon sperm DNA 
Dissolve DNA in water at concentration of 10 mg/ml. 
Stir 2-4 hours to dissolve and then shear DNA by 
passing it several times through a 18-gauge hypodermic 
needle. Boil for 10 min and store at -20°C in small 
aliquots. Before use heat the DNA for 5 min in a 
boiling water bath and chill on ice. 
Ethldlum Bromide • EtBr 
Make up a stock solution of 10 mg/ml Ethidium Bromide 
(Sigma) in H20. Stir for several hours to make sure 
that the dye has dissolved. Wrap the container in 
aluminium foil and store at 4°C. 








Ficoll (type 400) in 
at room temperature 
5x Ligation buffer 
250 mM Tris-Cl, pH 7.6 
50 mM MgCl2 
5 mM DTT 
25% (w/v) polyethylene glycol 8000 
5 mM ATP 
Make up ATP separately and store both solutions at -
20°c or -70°C. 
Luria broth 
10 g Bacto tryptone 
5 g Bacto yeast extract 
10 g NaCl 
Make up to 1 Q with distilled water. 
Luria agar 
Luria broth containing 15 g Bacto nutrient agar. 
Phenol preparation 
Melt Phenol at 68°C and add 8-Hydroxyquinoline (Merck, 
Darmstadt) to a final concentration of 0.1%. 8-
Hydroxyquinoline is a partial inhibitor of RNase, a 
weak chelator of metal ions and an antioxidant. The 
melted phenol is extracted several times with an equal 
volume of 1.0 M Tris-HCl, pH 8.0 followed by 0.1 M 
Tris-HCl, pH 8.0 and 0.2% ~-mercaptoethanol until the 
pH of the aqueous phase is above 7.6. The phenol is 
stored at 4°C under equilibration buffer. 
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Restriction endonuclease digest Ion buffers 
Low-salt buffer 
10 mM Tris-HCl, pH 7.5 
10 mM MgCl2 
1 mM dithiothreitol 
Medium-salt buffer 
50 mM NaCl 
10 mM Tris-Cl, pH 7.5 
10 mM MgCl2 
1 mM dithiothreitol 
High-salt buffer 
100 mM NaCl 
50 mM Tris-HCl, pH 7.5 
10 mM MgCl2 
1 mM dithiothreitol 
Sequencing Solutlona 
!Ox Sequencing buffer 
0.5 M NaCl 
0.1 M Tris-HCl pH 7.5 
0.1 M MgCl2 
0.001 Dithiothreitol 
Chase solution 
A 0.5 M uniform mix of all four dNTPs 
Store at -20°C 
Stop buffer 
100 ml formamide 
5 g Arnberlite TM MBl (Mixed Bed resin) 
Stir gently for 30 min and then filter to remove 
resin. 
Add 0.1 g xylene cyanol FF 
0.1 g Phenol red 
4 ml 500 mM Na2EDTA 
Store at room temperature. Keep for 1 month 
maximum 
Acrylamlde stock solution 
40% acrylarnide stock 
38 g acrylamide 
2 g bis-acrylamide (NN'-methylenebisacrylamide) 
Make up to 100 ml with distilled water. 
Add 5 g Arnberlite MBl and stir gently for 30 min. 
Filter through a sintered glass filter to remove resin. 
Remove all fine particles with millipore ™filter (0.45 








a 20 x stock and autoclave 
STE buffer 
10 rnM Tris-Cl, pH 8.0 
100 rnM NaCl 
1 rnM EDTA 





M Tris, pH 8.7 
M Boric acid 
M NaEDTA (Markert and Faulhaber, 
1965) 
gel: 1:4 dilution of electrode buffer 
RW buffer 
Electrode:0.06 M lithium hydroxide 
0.3 M boric acid, pH 8.1 
Gel: 0.03 M Tris, pH 8.5 
0.005 M citric acid 
(Ridgway et al., 1970) 
TC buffer 
Electrode:0.15 M Tris, pH6.9 
0.05 M citric acid 
Gel: 1:15 dilution of electrode solution 
(Whitt, 1970) 
Southern blott Ing buffers 
Denaturing solution 
1.5 M NaCl 
0.5 M NaOH 
Neutralisation solution 
1. 5 M NaCl 
0.5 M Tris-HCl, pH 7.2 
0.001 M Na2EDTA 
Transfer buffer for electro blotting 
0.025 M Sodium phosphate, pH 6.5 




50 mM Tris pH 7.5 
10 mM EDTA 
1.5 % KCl 
Tr ls-EDTA buffer · TE 
10 mM Tris-Cl, pH 8.0 
1 mM EDTA 
TBE Gel buffer 
8.9 mM Tris-borate, pH 8.0 
8.9 mM Boric acid 
0.2 mM EDTA 
Tr ls-acetate gel buffer 
40 mM Tris-Cl, pH 7.8 
5 mM Sodium acetate 
1 mM EDTA 
2x TSM 
0.06 M Tris-HCl, pH 7.4 
0.3 M NaCl 
3.0 mM MgCl2 
IPTG 
Isopropyl-~-D-thio-galactopyranoside (Sigma, St. Louis) 
Make up a 100 mM solution in H20, 
Store small aliquots at -70°C. 
40 µ2 is added to each petridish. 
X-Gal 
5-Bromo-4-chloro-3-indoyl-~-galactoside (BRL Research 
Laboratories) 
Make up a 2% solution in dimethyl formide. 
Store small aliquots at -70°c. 
40 µ2 is added per petridish. 
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